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CMAPTON 1 
DIFPUSOR ABALYOTS--INTWQUUCTION 


Om September 15, 19).5, e Herth American F-34644 set 
@ new world air speed recerd of 670.981 mph at Yuroe, 
Jeliferniea. The aversye wach momber of this Bsne0d 
trial wes 6.57. ‘The PJ6A is powered by a Generel 
Nlectriced iligon J-35 turbefet engine. Trts wee the 
Yourth time in twenty seven monthe that the world air 
speed record was browen by « turbo-jet sowered aire 
eraft., On December 72, 191.7, an aviation mareazine pub- 
lished a repert thet the Bell XS-1, a rocket powered 
aireraft, had exceeded a flizht emch number of 1.60 at 
altitude, Meanwhile, other exnorimenteal elrereft sueh 
@s the Douglas P<S5G8II, the Sell E02, the Dougles 
iS<3, wmd the forthrop X5-) are beine developed for 
lavesticating transenic flicht. 

On the besis of thia informetion it La obvious 
that rapid atridea are being oade in the field ar 
aviation. As flight speeds reruroseh end pass the seed 
of sound new probleas arise whieh influence the design 
of alrvoraft and alrereft eagirws, Toremost arom Sneee 
problems is the phenometen thet eir at tiees flient 
Bech nvebers ls compressible, end baheves la a quite 
different eanmer taen it does et reletively low sreads. 
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The question else arises as to which type of pro- 
pulsation system is best fitted for use at sveeds near 
the speed of sourmil. “he comesoniy recominsed types of 
sropulsion systems fer airborne vehicles are the reri- 








proceting, engine driven propeller, the turbine driven 
propeller, the turbo-jet, the ram-jet, ad the rocket. 
OnLy the Last weentioned is independent of sir supply 
Tor the reneretion of pewer, 

At high speeds propeller effleiency declines 
rapidly go tie use of @ propeller driven aircraft near 
the speed of sound is not practicel. Thia is furtrer 
indicated by the present speed advantace of jet powered 
eirecraft over propeller driven alrereaft. The rocket, 
aince it is Independent of air supply, epre ers to heave 
os big advantece, but it is so ineffielent st low super- 
sonic mach numbers trat its fuel deman 





Severely 
restrict the Clirht duration. Its use in present 
experimental type elreraft is besed upon a desire te 
reech supersonic speeds, If only for a shart duration, 
to obtein data to prove and develop eerodynamic designs 
for supernonic flicht. It should be noted thet auxi- 
Llery means are used to brine these aircraft up to high 
speed before the rocket power is utilised, The XS-] 
is air launched from ansther aireraft, end the ™559-I7 
hes @ turbe~jet engine for subsonic flight. 

The rem=jet engine hes a restricted uee dus to 
desian limitations, It is efficient fer only ons flight 
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mech mushber, and catmot develon suffictent thrust to 
reach this deoeien cpcint uneideéd. “irthermore, at 
fliicht wach numbers below 1.5 the turbojet is thec- 
retically eore ef ficient. 

After considering the princinal Gliaesiventaces of 
the other types of propulsion systems, the auitabllity 
of tiw turhbo~jet for transonic operetion will be cone 
sidered. Fig. 1, which wae obtained fron Ref. 1, shows 
the verletion of thrust with flieht velocity at veurlous 
values of ram recovery ration. Rem recovery ratio is 


@ seseure of ciffuser efficlency, and is defined thus: 


Ram recovery ratio = 727%. 


7 * Pe 
A@ eam be seen, tihueust does vary with Clieht velecity, 





particularily wlth lew valves of rem reesvery ratio. 
Thrust Ls even sore sensitive to engine rom The turbo- 
jet's moving parts conalat of « directly counled ture 
bine aml compressor. The cheracterlstics of these two 
anite exe such that oeak efficiency oteurs at a parti-~ 
culser desien engine sveed, varietians from this design 
point result in reduced encine parformance. Fire. 1 
reveais that the thrust decrouses with flight velocity 
down to @ ainism, and then inererasa with further speed 
snerernse if the ram recovery ratio is suffieclentir hin, 
"ir. 2 poows the vaerlation of epecific fumed con 
gemption with flieht velocity with verlous ram recovery 


ratios. Tsx@e curves are alec 08 Seom@ure of the 
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efficiency of a turbojet ualt. They show that for 
hign ram reeevery ratios, the specific fuel consump tian 
impresses with flight velocity but temda to level off 
after reaching some ~aximum valve, Yrom ea steady of 
Pigs. 1 and 2 the conelusion canbe drawn that the tubo 
jot offers efficient operetion froe the static thrust 
condition to speeda neer the eneed of sound vrovided 
the diffuser ram recovery ratio La suffiniently high. 
These curves Woulé show the seem trends if they were 
extrapolated Inte the range of low supersenle meeh 
numbers. The Improvement in performance with increased 
“an recovery petio is shown in Pig. 3. Por exmeple, 
it shows thet for an sirplane flying et 656 mph et sea 
ievei an inerease in rem recovery retic from 0.70 te 
0.90 will result in an 15.9 per cent inereage in net 
tirmast and a 9.5 per cent decrease in specific fual 
consumption. iuch figures indicate the Lapertanes of 
high diffuser efficiener. 
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CUAPT Ti 
PRAPOUMARCS GF A DIMWTSER 


& of piituser Plow. 
Rewngnihsing the ativanbages to be gained by efficient 
air induction into a turbojet engine, the mechentesa of 
the air induction precess will ve investigated. Por 
purposes of enalysia 1% will be aseumed thet the emrine 
ia fixec in space and the air is flowing througn end 
pest it eith an undisturbed Tree stream velocity equal 
to the flight velocity ef the sirplene. ‘The velocity 
of flow at the entrance to the diffuser will net be 
the sane as the undisturbed free stream velocity except 
at ous Clight velocity. The volwne of airflow through 
the engine is se function of the engine speed. The 
flew velocity at the ciffuser entrance deperds upon 
thie volume flow and the entrance eres of the diffuser, 





Therefore, somb process will cem@uw before tiw air 
enters teas diffuser. At low speeds, the air expands 
and accelerates imto the diffuecers at Nigh speeda, the 
eiz is compressed and deaeleretes inte the diffuser, 
tals proeeaa oeeurring before the air enters the diffue 
ser is asermed to be laentranic, 

The following equaticns can be asec to detersine 
tne estate of the alr at the estramee to the @iffuser. 
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PS P? (Isentrepicfiow) 


T> « TP (Adiabatic flow) 


To consider the nature of the flow within the 
diffuser, Let us write the followinre equations: 
Sulerts equation fer one dimensional frictionless 


flow: 
Vay + ¢ =o (e) 
Gontinulity equation: 


ee ee {(b) 


Definition eof the speed of sound: 


2.4 
€ = (e) 
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7 
Subatitbating eq. (¢) im (a), and eawhining eqa, (¢) amd 
{bo}, we arrive at the follicwlne exursesion: 


© (ise?) 2 . (a) 


This aequetion reveels tnat, foe subsonic flew, velocity 
decreases with an iIncresee in area; tho reveree in true 
for supergenic flows, “To decelerate oe supersonic flow 
Loentropleally to aubsenic would require a cur 
chenmel, followe!d by a diverming section. The velocity 
at the throat would be sonic. 





“owover, the flow in a ciemrel is ot isentroric, 
but it £s estentiaily adiabatic, therefore the reault 
of an entropy increase can be determined from the 
definition of entrapy increase as given in Ref. 2, pe. li. 


aweto, H+ tS 

rom t (2 + Ge) 

pomp (2 4 hee) Pot 
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f-4S-% 


And ainee the proeses is ediebatic, dT? « 6, and 
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The quantities p® end T° ara defined sa totel 
prereure and total temperature, Whey are the values 
waich meuld be obtained if the flow were slowed isen- 
troniesaily until it had sero velocity, Sinee recording 
to the second law af fiwermodynacics, dS >, then 
Py > Pos oe in & nowisentropics mreceass a decrergss in 
to.al pressure accormmeanies an entropy inerense, The 
conditions of flaw at the diffuser «zit are given by 
the following egustions, U5 deine found ee an implicit 
function of the entrenee conditions, 
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The Bbove esuations show thet diffuser iosses have tha 
effect of increasing tae exit aseh number for a given 
aren ratio, and decreasing the static pressure recowry, 
Wnere the diffuser ie beimc designed for a given exit 
mach number, suitable far wee in the compressor, the 
effect of the lose is to reanire aes of a lareer are 
matic, incresaing the diffuser length or inerwasing the 


rate of pressive recovery. 
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TMifruser effielency is defined in wany different 
ways. Some of these definitions heve advanteges in 
defining, a particuler espect of diffuser perf ormence, 
others “ay be “ore applicable to low velocity Plows. 
in ceneral, for the definition to be sulteble it should 
fulfill cerbein recuirowente. fel. 1 Lists the Sullowing 
requiresents for ae diffuser efficiency parameter: 

i. It should be readily meesured, 

2, Meve @ magiwon value of unity to indleste 
the best pessible diffuser performance, 
mo pressuro Lose. 

3. Remain esrentisliy esneton 
speed renmze (provided there ere no snermry 
lonsas due either to shoek fomaation or 


for the subsonic 





seperntion resulting fron shanmzea in 
terneléts ruber) . 

The third requirement mentioned above mignt be 
mibjected to the eriticlas that we are interested not 
only in e devies for energy conversion la subsonic 
flows, but alse for use with supersonic flows. Aliso, 
why ie lt neeeesary thet Lt renein constent? Wnat 
intberesta uo mest in evaluating the diffuser is weet 
is the reletive energy rewainine in She Slew et the exit 
compared to the energy evallebie in te flow ahead of 
the diffuser, Wore than ome ef icleneys parameter wy 
satiafy these reqiiresenta, Sinee no stander! definition 
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19 
of diffuser efficlency hes been decided upon, it ie beet 
to se acquainted wth the various definitiona which may 
be encountered, 


Viously im econmmection with the lweroved perforrence of 
a turbojet emgine with efficient pressure reesvery. 
This parameter waa chosen by the eutheres af Sef. 1 aa 
best fulfilling the reculremente ehich they set forth 





for a satlefaectory diffuser efficiency peraseter., It 
ig defined as follows: 


_ © 
ten recovery ratio # ge 


o ” 


Sxponential fom. This form of oxpresaing diffuser 
efficiency has more appernl to the thermodynamiecist or 





eetheweatician. This perrreter oxpresses the fraction 
or the kinetic energy ineresent which is converted inta 
preagure. fel. 2, p. &3, presents the development of 
tais definition in the following smener,. 


. av 2 « & (a! 
Ne = ; (a) 
Froa the enercy ecwation: 


va? = = esate my a (2) (b) 


ComOinioe eq. (@) amd (b), and integrating pro- 


ages: 
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aince the process la polytirvpic, and the presaure-~ 
tenpereture relationship for a wolytropie provesa ila: 


i) ST s = te) 


(d) 





Then, 
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Por lnewmoressible flow: 


Ny « = Pe 
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LISTS BPeosure recovery metic 
fefined In tho following eanner: 





This quentity Le 


“uv le pivteaire recovery ratio = - 2 


= Ram Pecovery ratio x (2 4+") 


i 
(2 +m) sis . 


A& low subeomic mech aupberg this pereeseter ts the sere 
ab Pan recovery Patio, but sines it leneres ths commres- 
siviiity fecter (141), it divermes ra.idly os sech 
mmber incceseen. lth verr high effieleney of sreeswre 
recovery it can exaesd one, end so it ls Mot destretlie 
for aecwurine the efficieney of « canpreartble flow. 
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Potel pressure Potio. Tuls nereneter hes di mect 
avolication in turbojet performance caleuleationa. It 
is the ratio of the totel preseure st the diffuser oute 
let to the [ree atrean totel preesurs. It ig important 
Secense 1% Lea a direct mesmure of the entropy inerease 
in the compression preeees. It 1s considerably affected 
by the mach mumber of the flow. 
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Total pressure ratio « - = « 
PO 


Tregeure retio. This persaeter is given in moat 
turbs jet emcine perforuance oenvuals arnt is directly 
a@rolicable for ths computation of met thruat, air flow, 
and anecifie fusel conausaption., It le the ratio of the 
totel presaures at the diffuser cuflet to the free sireen 
evatic pressure. ince it will be elmost elways «renter 
thon ome, it ls net too useful eae 2 meesure of the 
diffuser effleleney. 


Tresaure ratio ® 
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Wergy retin. ois efficiency parameter is defined 
ag ihe kinetic energy recovered by the sir induction 
syetea, civided by the Kinetic anergy avelleble in the 
airstream It is derived im the following merurer: 

pase tim emergy equation 
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L3 
evi the presaure toeeperature reletionahip 


Tr D ait 
i = =e) tee 
the follomiare exressien for the kinetic enerey 
evailable is obtained, 


Bae, [xg - 08 Ca? | 


As tho exit from the difruser the total teseure 
is pg enc tea total tbemerrturs is T3. It theese quane 
tities ate reronverted to free atreme conditions ehory 
the free stream stetiec pressure is p,, amd the «ip 
velocity Vi is lees thas Vy because of the pressure 
leases involved, then 


SBE 0, [ap - ag ep | 


The shove equation represents toe kinetle energy wnat 





was receverod from the airstream. “Since the procese 
is Mliabetic, t. equals TS and tie enemy rello esque 


tion om be written: 


Unergy enantio = a 
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Power Ratio. This cefinition af diffuser ef tel- 
ency is used in Gef, 3, and ie the retio of the poewr 
treneforesed to pre-.ewre enermy to tne sower guppiled 
for toomefarmetion. 


Fower gupplied for transformation © 
Sa & p weds ~ I, 4 pwede 


ioe axial flow velocity. 
W~- Gir stream velocity. 


Power trensformad = Sn pudA « I, pads 
If tMe airflow is axial omly, end the flow ia one-~ 
dimensiaqneli, then 


Power retio = “2% 





Yor incompressible flow, iy Ay & Ugho, and ime power 


ratio cen be eritten, 






Power ratlo =~ 





ee a 
, Aas (hy ) 
Pre 
Gimee this definition of alffower efficiency ia beer 
upon the sssemption of Ineo mreesible flows, it ia of 
Little vaelee for the types of Plow which wili be enn- 
sidered. 


Trie definition of diffuser efficlency is the ratio ef 
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LS 
the atetie proveure rise obtained to the sum of the 
ateatic presasuro Pise obtained fius tre total pressure 








Thie definition of @iffuser «fficilency in not uwniles 
rem recovery Patio, whieh way te weltten in tne follows 


ir oer: 


len recovery ratio ® , 





Ten recovery ratio when written in this mamer is the 
retio of the maexisnu sosnible preseure risa lesa the 
total pressure less in the diffuser to the waximum pos- 
gible preseure rise. The sieplicity of rem recovery 
ratio would maxe it preferable to the diffuser effici+ 
ensy based on static presoure rise if tae selection of 
e definition were a matter of choloa. 





The agin air intake duet of a turbaejet engine is 
desiened as a @iffuser beceuse at present Pliigat veio- 
cities tne veloolty of lhe ineomtng sir auet be reduced 
before the elr is introdueed into te campresser. “he 
deaired velocity of the air at the diffueer exit depentis 
upon the comprecaor desicon. freeent types of cuspressom 
operate with aubeonic velocities because thelr sapeci ty 
emi efficleney would fall if eupersonic reletive 
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16 
Velocities ere atrained enc mock weves develon within 
the compresvor, Compressars which texe advantese of 
this phenowerion are in the process of develoomeat, but 
ere not yet in actual use. Simewe se are concerned 
primarily with present desaicns, wid since informetion 
on gupersoniec compressors ie restricted, nothing further 
will be sald about thes. 

Prom Mef, kh, the entrence velocity clarram for @ 


centrifues] compressa’ is ae show. 
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Te ll . a impeller 
ZA oe paavae. 
| a fa . | ! 1 Nowe 
, gt \ : ry : - c¢ ~ absulute 
7 a ee ee ae. wy Lal wy, aes Velocity, 
Rad ek eek: ee 
SS c u- tengen 
. . : a velocity of the 
Ce = We” - (en) iepeller tip. 
According to "ef. 4, My, the each mrsber corresponding 


to We, should not oxeeed 0.75 enpraximsetely, md el) 
sould not exeeed 0.65D. If we asswen these seximne 
velues, end aamime the lnpeller tip velecity to be sonic, 
the =ech number corresponding to the axial velocity is 
O37). Thie seome to be @ fairly high value, and 
certainly it aheuld be much lower than thet if @ double 
feeced impeller is used, ith Use doable faced lepelk r 
the #irpflow wuast tern threush 190 degrem te enter the 
rear sidce, end the bead lowes reav lilting from thie reversal 
ewuleé by high with such « lerge flew velocity. 
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Pros ef. 4, the entrence velocity dlieyren for en 
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exieai flow compressor is: 
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Por «a: axisl flow compressor tae blading efficiency is 
9 maxlewa when 6. is about 45 deg. Subseript 1 indi- 
cates the velocity ohead of » moving blade; sudvacript 
2 indicates a velocity leevinge a moving blede. Thermlia- 
tive velocity, w,, st any station en the dlade should 
not exgeed sonic velocity or shoek loeeses will res 1t. 
Sinee with an axial Plow coupressor there La no flow 
reversal as occurs wit: a double faced cantrifugal com- 
ores@or, the elliow8eble axial flow velecity een be 
ereseter. Por very ish speed aircraft tae trend seews 
to be towerd the turbojet engine with the axiel flow 
compressor. One Lemortant factor influencing tits 
trend ie the fact thet the permissible airflow velocity 
entering the comp etear is Richer wlth the exial flow 
type. A ressensble value to eesume for this conpresser 
entrance velocity, or diffuser exit velocity, weujid be 
ome corresponding to s mack owwher of 0.3 to 0.). OF 
eoree, 3 we beve seen, tris if mw function of the 


compraasor doglm@n. 
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be «=xberpel ores Gx 
The design of on effielent diffuser entails 2 two- 





fold convideretion, First, the dasi~m must be such thet 
the pressure recovery within the diffuser eust be accom 
Plighed with ea minimum leas; seecnd, the flu over the 
outside surfeces in the vielnity of the difiuser Iniet 
must not be Gieturved be such ane xtent that the drag 

ie inereesed, It is due to this latter so mideraticon 
thet a lower Limit on velocity ratio ta impossé,. 

Th gabsonic flows the tote] 4rag of a body Shape 
een be ooneidered te be ecenposed of two components, skin 
frietion drag ant wike drag. Yhe two components ere 
inter-releted oad have their counterparts in tha interna 

aiffuser flow. Tm tha consideration of dpreg we are 
more concerned with the resiatamee of the alr to Etre 
motion of the body through it; with internal flow we 
arma Bove concerned sith Ue m@weeare loss in the flow. 

& vody in a subsonic, nomeviseous, ideal flow bea 
sero drag forces eeting on it. The Plow comes to 6 
stagnation coint om the leading edge of the body with 
the kinmetle enerey of the flow being traneformed inte 
presoure. As the flow continues around tne body it is 
aceelereted up to the widest dimension: elt: the pressure 
decreasing #s the velocity ineresses. Seyond the vides 
dimension te flow deceleretes to a rear stagme tion 
point, * mumeation of the presmre forews in tie Oitee- 


tion of fTiow is wero. 
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The reel flew of a subsonic, viscous flicid tries 
to follow the pattern of tue idea] Clice, but viscosity 
entees sane devintions. ve to viscous forces a boune 
gary layer ls formed, a thin Layer of fluid et tine 
surface of the bedy where a strome velocity cradient 
normal to the body surface exlets. This velocity 
gradient is the result of vieceus interaction, friction, 
between the bedy end the fluid. Priction tands to 
impede the orogrese of the ooly through the Tinid. me 
drag due to frietion ta esuelly réther geai1, but with 
atreanline bodies it mey be the ~ost significant com- 
ronent of the total drag. 

Tha second component of drag ils the one whieh causes 
moat coneern. As tne flow progresses srownd the body 
the boundery layer grows. In the positive preseure 
aradient at the reer of the body the boundary layer ia 
unetable end the Slow tenda to separate from surfece. 
hhen the flow seperates there is a sreseswe lose. ie 
sume@nxtion of the pressare forcer ebout the body 1a no 
ioneer sere and a drag due te the unbalanced pressure 
forets resulte. Preesure drag tnereaseS with Terwmard 
movement ef tne separation point. «lite poorly deslened 
amapes the pressura or woke dra, ca, amount to several 
times toe evkin fricbion srer, “ile Le sowpersble with 
the seperetion loss which asy cceur in tre interne] 
floe terough tbe diffuser, At low velocity ratioce 


seperation of tre Clow ovar the ontsi¢w autface of 
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Zo 
the diffuser is sore litmly to oceur with sttendent 
high drag Lonsee. 

Further complications are introduced with sug re 
mnie flows, snd subsenie flows near the sunie velocity. 
For « body in a sumersanie fice, a dree foree exiats 
even in @ perfect fluid, We drag with which we are 
concerned, nowever, is not thie form drac, but the adéed 
drag resulting from the appearance of ca shoek wave on 
the surface of the body. 

Tre eritieal Mach mumber of a body ie definad es 
thet “ech maeber at which a Bech member of one appears 
in the flow ergund the bedy. Shen the flow ia at a 
Bech nember grenter then the critice], there is alwaya 
the possibility of « shock wave existing om the body. 
dirce a shock wave asuses an abrupt ciensge in the flow 
wit a high degree of turbulence in the vicinity of the 
shock, the reguitea of thia disturbenes are tranwslit ted 
to t%e bounlary layer. The boundary leyer is thickened 
and the edfed turbulence inereeses the likelihowi! of 
eariy Flow separation and wmke érag, 

When e¢valesating diffuser performance tus effects of 
crag increate due to a particuler conficuration emwat be 
belemeced against the gain in engine performance resulting 
fron che iwproeved internal flow. Trig is prebably an 
iapertant factor in tme choice of the flueh type sir 
inlet for seme prwsent high awe sirplame designs, 
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CHAPTER ITl 
OIPPUSTH Loboas 


We have seen that the purpese of a diffuser is te 
reduce the velocity of the incomins air to ea level 
seultable for use in the engine compressor, end, further, 
to recover as much ag pessible of the Kinetic energy of 
the airstream end comvert it into pressure energy. It 
wes Shown that when the rem recovery ratio wes high the 
performenee of the jet engine inereesed. Let us now 
investigate some of the factors wiich decrease the 
ciffueer efficiency. If we amreciete what things 
effect diffuser performance, we can incorporate into 
our ¢iffueer deaicgn features which ainimize ieee effects, 

The principal types of losees encountered tm aiffu~ 
ver flow are: 

1. Shoek loss, 6. Tanine lores. 

2. Hmtrence lose. 7: tructions in the flow, 

3 Yawineg effect. 5, Leakage loss. 

he Expansion lose, 9, Gxit lose. 

5. Prictien less. 

Some of these losses con be asproximated by aleple 
enalygia wiile others are so complex ad dapendent uso 
tee conditions of a partlevler inetealietion Ghat analy 
seneral rules for svalusting their mecniltude ean ve 
given, The losses listed ctove are discussed in tiv 


following peregrapis, 
22 
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i. Shoe ome. 

The shock loss is a problem which is seculiar so 
supersonic speeds. 4 shock # ave ia & region scross 
whieh suddea and finite chenges in preasure, demeity coud 
velocity of the flow oecur. It is a noneisentropic 
emmmression. The pres 
the velocity decreases, ince the shocx wave is secon 


sure mud denaity imrease wile 





panied by an entropy incretse, there is a decrease in 
total pressure. THis loss increases wlth increase of 
flow mech member before the ahock wave, The width of 
the shock wave in the direction of flow ia very smell. 
Sock weves may ko cleanified Iimto two catemories, 
normal amd oblique. These descriptions apecify ime 
orientation of the wave with resnect te the flew direc- 
tion. The normal ahosk ie charecterized by a jump fram 
supersonic to subsonic velocity; the oblique soecx, om 
the other ham, may ceurne a velocity jump fram superaaiic 
to a leaser supersonic, or subsonic velocity. The 
veloclty funmp from aupersonic to a lesser supergontie 
Velocity is @ore lixeizy. he totel need lobs eerves a 
nor@al shock wave ia creater teen that across an ovlicse 
shock weve. 

The pPelatlonehips scross elther type of wiock wave 
ave given by the following equetions. 

6 = anele between the @lrection of Flos and 
the shock wave, 99° for a moreal shock, 
Subserints: 
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x ~- condition before a s .cek, 
¥ = condition sfteo thw shee, 
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Further information on shoek waves can be found in lef. 2, 
end the relationships scross the shock wave can be fannd 
in fe. 5. | 
Snmockleas compression frow supersonic sneed to aud- 
sohic speed ia theoretieslly possible. The diffuser 
shape for such ea flow would be that of & reversed Leval 
norsie designed for ome particuler inlet mach number. 
Tith such shocxless compression occurring, tne each 
mweiber at the diffuser throst la ome, and the gass flow 
if &@ maximum. Bow, consider a slight varletion in the 
mach mumber of the imeowlnc flow. If {¢ le lese then 
the design each number, the mase flicw will be lesa then 
meximua, the throat mech menber will have to be less 
then one, but isentrepic compression fram supersenic to 
gabsonic flow denands senie velocity at the diffuser 


threat, The flaw becomes unstable end a detached shock 
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forms oherd of the Ciffueer eatronms. Plow throws ine 
aiffuser becomern woolly subsonic. Ww be other band, 
if tee entrance wech mamber Is greater tian the design 
value, the value of the throat mach namber will oever 
eot es low se one. Supersonic flow will start into the 
diverging part of tha diffuser and tronsition to subsonic 
flew can only occur through ea ascock wave in the diverg- 
ing part of the diffuser, 
we have considered what hap vens when voriatione in 
flow oceur with a reversed Laval mouzsle flowing full. 
Actually, we should consider what haopens when we hewve 
gubsonie flew through suah ea diffuser, aen@d the entrance 
wach namber is ineressed to supersonic values. «at 
entrance mach nenbers below the desion value a detached 
anrock occarse ahead of tba difluser because a each muenber 
of ome tries to occur in the converging part of the 
aiffueer, ean unstable flow condition, At seme flow 
mech naeber, the cotikrgetion ratio of the conversing 
peri of the diffuser is swekh thet a @ach mucber of one 
ecours in the diffumer throat. This eontrection rettio 
can De cotermined Crom the following relationshb: 
Contraction ratio fer sonic yelocity et diffuser 
throat 8 erea ratio for iventrepic decelerst ion 
of flow te gonic velocity at tem threat 
ze / vg 
At thia point the diffuser is ehlise to seallow tm de~ 
tacaed shock, swpersenic flee sterte into tne diffuser, 
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25 
and the shock forms in the diverging pert of the @iffa- 
ser, its location dependent apon tre mresmure raticea 
ecress the diffuser, ‘e can see, therefore, thet @icck~ 
less diffusion is impossible, but we can wove the dew 
teaened ahock inte the diverging pert of the é€iffr ° 

In Gef. 6 the toeoreticel wax lmas efficienry 
ettaineble with the typa of diffuser ceseribsed shove 
is given, #8 well as the resulta of aetuel experiments. 
This dete is shomin Pig. 4. Actualiy, with am edjust- 
able threat one hundred per eent efficiency le Mworeti- 





throaucn the diffueer tiresat, the throat area ls raduced, 
tnen tha throat mach member axproeches one, Sy ad just~ 
ing tha pressure ratio across the diffuser tre position 
of the shoes weave cen be moved into the throst of the 
aciffuser, and there is no logs when the meebh member et 
the threat ia one, Suen @ precedute presupnoges thet 
comiitionga across tha diffuser ean be closely controliadl., 
In the evaluetion of the theoretical waximum 6 fflelencies 
af Pig. 4, the ahock hed been 1: 
throat by adjusting the preseure ratios across the 


sated in the diffuser 





diffuser. However, the pressure ratio across the diffu. 
ser deponds upon the embiant pressure, in thie case, 

end the voluse flow tnrowth thee ompressor, e funitleon 
of compressor speed, it in mot aiviseble tt very bw 
Compressor aneed over too aide « reture, beceuvee tre 


ePPicteney of the engine wlll decressa. Also, ides 
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mechenieca)] difficulties ce adjfueteble tirost «ruld 
mot be of faet by the Laproved diffneer performance @ ich 
would rescit. <A third objection te this diffuser de- 
sien ie that for flicht eech numbers greater tlw tiwet 
for which the diffuser wea deeizned, the volvwoe flew 
throveh the diffueer duapeeess elth the eel number, 
To secommodete tals flsow thre compressor ane@eed would 
have to increase which wonld affect the overall enpline 
performance. 

4s the free stream mach numver increases, the 
losses occurrine through a detached shock eave incresse 
very repidly, as sven be seen in Pile. 5. def. 7 presents 
en amelytiecal study of ome method of reducing there 
suock losses. Since thea loeses turouch en oblicue shock 
are lese then those through a normal shoek, it was pro- 
posed to reduce the initial “ach nwmter of the flow 
throwlh a serica of oblique shocns, and finealiy Gurough 
a nomsel shock wave. The results of this enalyecis, 
shown in Fig. 6, would even to indicate that presstae 
"y @ould bo consicerably Daproved over that 
possible with ome normel shock, perticularly et nich 
mech numbers. 

Prom the Toreroine diacussia® it wuld anrpear that 





anock free compression from supersonic to subsonic 
Velocities ie umlively. Some shock system will occur, 
either nomeel or oblicwe, and lecated elther within 
or external to the diffuser. wen though cae shock 
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27 
may be external to the diffuser proper it is only rhght 
to the diffuser. In all our diseusal om of diffueer 
flew we heave referred to free atream conditians of flow 
with the subaerint "os with e shore located ahead of 
tae diffuser entranee, thia condition wlll ve thet on 
the downstream side of the shock, 

fhe detached shock ehead of a diffuser entrenesa is 
of a emaplicated structere, In the region of the e# truarn 
tubs ghich ultimately enters the diffuser entrance, it 
im eveentialiy a noreal shock, or at ieast the égsuep- 
tion of e normal shock will eive e reasonable enprexine- 
tien of the conditions cownstremm of the shock. Pro~- 
ceeding outward, sormal to the direction of flow, thea 
shock pwagresacs throug tio whole fanily of astrorme end 
week oblique shocks, end finslly degezerstes into « | 
mech line. This complicates the ficw patiern arcund 
the outside of the diffuser beeauas of the reeulting 
velocity sradient normal to tie ¢direction of flow. ‘fies, 
the location of the shock weve shead of the diffuee@r is 
Giffieult to determine, exespt when the wach masber 
immediately downstream of the shock weve corresponds 
to the entranee mach number of the diffuser es dotar-— 
mined by the volume flow and diffuser pownetry. In 
this lwtter cease, tre shock weve will probebiy atiech 
itself te the eMtrance lip of the diffuser. 
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In some respects tne detached shock weve is acvea- 
tareoun, I¢ will scsomodate a wider range of flow 
conditbons through the diffuser, @t relatively low 
suseraonte “seh mmsbers the loss occurring chrough Ue 
shock wave is not eoxsestive, end additional compression 
of the flow ean be mede before the flew enters the 
diffuser, Further, the Clow turbulence oecasionad by 
the shock can be wholly or pertially daeped out bel ore 
the flow anters the diffuser. het thie turbulence 
ewased ty the shock wave is of sone lenerteres can be 
seen from Fic. 7, wrich shows the loss in jweam re 
recovery ocecasioned by increasing Ww exit cone anacie 
of the diffuser from 3 degrees to 5 degrees. ?or 6 
diffuser witnont shock the optimen exit come angie os 
the diffuser te ebeut 3 degrees. Thia indieates thet 
the pressure recovery within the diffuser muat be sore 
eraduel because of this sheck induced turbulenee. Al- 
, the internal flow within « diffuser benefits 





frow a detached shock wave, tm effect of the external 
flow on the «reg of the engine neeslie way ve seriously 
increased. Thie particular problew eerits exoerimentel 
investigation. 


2- Qabrence Loss. 

The impertence of the eitrance conditians or « 
aiffaser is wot due to any perticuler lees oceurriar 
tm the diffuser iteelf, but the effect of Gwe es Gree 
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comlitions on other diffuser loses, For exumple, om 
tarbalet eagine sanefeoturer epecifles thet Bie @igine 
performance is not gquerenteed ualews the airflos veria- 
tion seross the espressar Lelet is less then five per 
cent, Oe plene using this engine aeliovoes iaie remeit 
by having cometant velocity head at the diffueer entra we. 
Sotaining uniform flow couditions at the cif Puser ef 
bpance may be complicated by some entrance d@uet Lloce tions. 

f we can ecneelve the idea thet the ilp of the 
diffuser entrance la en airfoil shape, we can eicture 
vat happens as the eirflow appromehes end passes ite 
Ans\e that the external surface of the diffuser is the 
tep of the eirfeil, end the interned eurfece in the 
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Speasure Olatridbution 
ebont an airfoil. 





bottas, Sith # veloeity ratio (V/V) greater than one 

the @iffuser eLrfoll shape is at a negative eagle af 
atteace, s negative pressure bros due % this flew forms 
ineide the diffuser. The lowest weswre will oeeur 

at the throat of tue diffuser. The Siow in the divarg- 
tng pert of tne diffuser is progressing against ® ori tive 
pressure gredlent due to the diffuser Gesign. "his 
iuereesed cagative pressure et toe diffamer tercet shew 
ereasos Ve oteesure sredient sad estes aperetion ef tie 
intermal Slow eore Likely. 
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With a velecity ratio less then ome (i diffuser 
lip is at & cositive amie of atiowe. The increased 
necetive praseure sree oeturs axternal to the diffveer. 
Some Limiting veloeity ratio Wil be attained shears the 
ektrence lip stalls, end the flow severates from the 
outside surfanre of the diffuser with external drag in- 
ereasinz accordingly. 

If @ sharp leading edre hed Been selected for tre 
aiffusaer lip, the effects deseribed abcve would have 
been eccravated, considering suteonic flow et the diffue- 
ser entrance. A shetp nosed sirfoll stalls at lower 
engles of attack toean toss with rounded leadins sdses 
ave to the difficulty of the flow arcend euch # cormer. 
With supersonic flow inte the diffuser a sherp edged 
peoetlle might preve beneficlel hecawse supetsemic flow 
can ehance direction sharply in follawing comtours. 
Where tre normal sheck la lecabed at the dirfeser 
entrance, end there is subsonic flow in the ai fTuser end 
supersomle flow onteide, e@ eherp leedine edge would be 
preferable because it wold have less effect on the 
externas] flow, and mo effeet on the interne] flow because 
the velocity ratio in this case is ome, NSowrver, eat 
eanditions other than thet st mich the shock elts on 
the nose of the diffuser, the sharp Leedine eden wuld 
be dete beental. 

im the entrance of & diffuser with a weled Lead- 
ing e@rs, there ia e region Ghere the ric# will Be 
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31 
expanding. A point of minimus diffuser crossa-sectlowal 
area *Lill eceur, Tria ragion of comirection hae ite 
advantages snd dleadvanteaces. Tt orovides e region of 
faversble preseure sradient shera stream turbulence, mich 
es that following a shock wave, say be daeped out. on 
the other hand, the flow is seeelerating in this remion 
and eore compression is required in the diverging ert 
eof the diffuser. At entry mach oembers near ome it 
does net require much of « ehenwe in area ratio to cause 
considerable chanve in flow each number, “Some reasgon- 
able canpromise mist be effected. 

Beceuse the flow at the entrance ts the diffuser 
ie not pereallel to the diffuser axia, some question Bay 
ariue es bo whet ia the effective entrance ares of tha 
diffuser, Tho stagnetion point of the flow, from wich 
tae boundary layer sterts, will tend to wove inte The 
diffuser as velocity ratio decreases below one. it 
will cove to the outside of toe diffuser for veloesty 
ratios inmereaging above ome. This will affect the cure 
traction ratio to the diffuser throst whieh @ey reseh 
measurable sagnitude with high subsonic entrance mach 
trumbers. 

Realizing the effect af the diffuser entrance on 
the internel Clow shrovgh the diffaser, it should be 
cerefully dealgmed to cause tow least disturchaece 
pomsi¥ie. In tals case the only less in tom di fTueer 
entrance Will te the friction loss whieh showld 8 very 
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32 
gomall. If the diffuser entrance is poorly deslened tus 
internal losses in the diffuser e111 be taucreesed, Al- 
bhoumh thia additional less is directly attributable to 
the diffuser entranes it ts ¢ifflenlt to essess the ex- 
tent of the logs s0 occasioned, 


a+ Xewing Uitect. 
Closely allie@ witht entrame lost is the loss 


oecasioned wien the sxig of the diffuser la twt peréi- 
1e) to the axia of the initial airflow. “der sueh 





elroumstences the flow at the diffuser inlet will be 
complex. Gueh e condition could occur with yawing or 
oitehing sotion of an alrereft, or when lending ant a 
high angle of attack reaultsa, ‘Some aircraft designars 
aliow for thia last case »y extending tne weper Lip ef 
the air entrance duct. A good example of this configu- 
ration is the sir entrance dect of tbe PG. 

In the plae contelning the duct exis and the maxi- 
mum yawlryt angle, thie effeet Ls areetesi The duck lip 
will heave a higher angle of etteck then normally on 
ome side, end a lower sole of etteack on ve other aide, 


Since tre volume of airflow thromeh:h the duct ia @ 
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33 
funetion of the engine speed, te eversme vir velocity 
eeroes the feoce of the Jact, perallel to the dact etis 
Will be wheffected Sy this condition, The veloelty die- 
tripution serose the fece of tim Gouct will oot De wi- 
form, however. The lip im the direction of the flow 
will heve a lower presrecre internelly then the lip meay 
from the ‘lrection of flow, & higher velocity will 
acoumpany the lower preesure to vetiafy the flow ecul- 
libriwe. This will be the waxime velocity seross the 
face of the Juct. Dilemetriwlly opeoszite re sini 
Velocity will occur. In ather radial plenes argund bhe 
guet entracee tie flow #111 vary from a4 -mxime et one 
lip to a minimum at the other, oxcept thet there iil 
be a lesser degree of difference. In a bend in a duct, 
wWaieh Is not unlixze the sltuatian in this eaee, it has 
been found that a aceondcary flow in a plane noreal to 
the main flow exis sumetimee oceurred, This eould eleo 
Sake clace in this instenee. Tee met result of the yaw 
igure effect ia a disturbed entrumce flow inte the diffue 
sor which may result in sufficient turbulence to canage 
& joss in pressure potential, aud will result in dee 
ereased diffuser performance, Einee the resulting flow 
will very in a12 three dimensiona, and vorticity will 
be inbroduced, it will be @ifficult to emalyne. 





kt Res been recognised thet diffuser flew ia um 
steble by ite very neture, [n the divergine part of « 
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diffuser the flow le advancing against a positive 
pressure Gradient, end it phe beet famed thet tf thie 
gradient is toe severe the flow #111 seperete frow the 
diffuser wall. The result of this eeparstion is 
sudden exwension from the peint of geparntion to Gee 
ané of the diffuser. The lise caused by « sudden ox- 
pension is caleuleted in fel. 3. 

The less due to a audcen eaxpenpion jlelide to snai- 
yais in the foliowing wenmme»r: 
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from Sernmowillits eqvatian: 


P+ TS a DB a TE + ig {@) 


he = head lows due to sudden qolargement. 


he ® ea: (pe = Pl? ~ — (b) 


Wow, the momentum primetple states that the resulting 
foree actinc on a bady ecuals the change of gomentu 
of the bedy per egceond, 


Aas 
Nate of clenge of momentum © “2-2 (vy, - Vo) 
Yorce acting = (Op - 7! #2 


AV 
(m2 - py) Ag ® 4 (Vaya) le) 
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-p, Vv 
tae (V3 = Voi (a) 


faubatibuting im eq. (5) ylalds: 


oy (V3 ar 








In our case Vy will ke the velocity at the point of 
separation, wd Va, the velocity with wich the flow 
rewesteblishes iteelf. It is evident thst the lose 
will be least if the polnt of flow separation ia aear 
the exit of the diffuser, increasing us the point of 


separation moves toward ine throet. yaidle 





flow analysis wee made in this imatenes, and is accept 
able because it is hoped thet the flow #111 be sloend 
to the point where it can be conelidered incompreasai bie 
before seperatian occurge. If auch le tet the case the 
diffuser te eh too Ineffielent. 

-. mext points to be considered sre the canse of 
flow separation, how th point of flow separation emm 
be determined, end wost experimental resvuls have been 
obtained, The cause of flow separetion is linked «ith 


the crowth of the bowwlery layer, end some cheracteriaz- 
tics ef the boundary layer wet be reviewed first. 





A. Rounder: Lever in a Uiftuger. 

Tne bowndasy layer is a repion in sa fluid flaw 
adjecent to @ solid surface where 8 Oram: veioei ty 
eradients Normal to tae surface exist. it is caused 
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by friction, the viscous feeetium of 2 Tiuid et the solid 
surfuee. At the point of contact of the fluld «ith Nhe 
surfeee the weloeitiy of 162 flow is sere, incrowrs ing 
normal to the surface until it reeches the {ree »troes 
yveloelity. A typiesl] veloclty pettern would be; 





¥o« Pree stream velocity. 

¥ = Velocity et any point im the boundary le yor, 
Jenbrally, poundery layers may be clessiffie? into two 
types, the leminear and the turbulent boundary leyers, 
Tie velocity distrivution in these two typea La qiite 
aifterent. In the lemlnar boundary leyer there te no 
flow of the fiuld perticies nereal to the asin ania of 
the flow. in tye turbulent boundary layer email vele- 
city varletions mnormal to the wein Slew do exist. Soth 
types of boundery layer inersese in tielexmesa in the 
direction of Ciow, but at different retes. Soundery 
layer growth laa function not only of the axial dile- 
tenee in the direction of flow, but aiso of the areseute 
eregient which way exist im the flew. <A boutvlary larer 
Whieh le initially lamdiner wey cro Boroeagh e t reneition 
point where Lacinar Clow can no lerwer be wainbvelned, 
Vhe flow may even seperate from the surface and re- 
establish iteeif downstrees es © Girbnient boander: 
jeyer, 


a 
— 
ee ome 
Vane 
Bbate 
Se 
=] 
ee 

= 

7, 
cay 





—_ terece ee 
hh tn A KPa —= 
-~ Vote mt ores 
ve - 
pee === 
ses 
to de ad 
s — ee oe oe 
mir = = “ a as 
Sees - fi: 
= Pr = 
_—— Venee 
ce 
— in 
ee :: 
oe! acme 
i ed hm 
—n : 
20 ces 
_ 
—" 
































3 

as the terbelent bountery Leger grows 1% le roe 
eome of the Kinetie energy initia:ly prenent aw te 
friction ieseea. “ne cevelemment af tne sarimiest 
bowndery leyer can be visualized thue: 


=... 


a 


led 


(2) (bo) (Cc) 
Tn estate (ce) oe reveras) of flow hes started next to the 





weil. Thies condition is metable. 4 vortex will de~ 
vaiup end the flow will ultimetely veverate from the 
surface. | 

he cdevelosment of the bowery layer in « é@i fuser 
is probably somowhet Lilo tine foliawing pettemm. At 
the entrance Lip ef wwe airfuser e@ stacnetilon point 
ecoure, At thie point the bound 





heyor has veto 
thickness, From thia point to the tureet of the éiffu- 
ger o negetive presevs gredient existe. A negative 
pressure gradient has a stabilixi ng affect on ite bouml- 
ery lever eo it crows in the leminer feshion. in tie 
Aiverging part of the diffoesar ® poaltive pressure 
epadient exiats. A poaltive pressure grecient hes 6 
Gaatebillelng effect om the boundery layer. The Loria? 
boundery lager will peraist for © short tistence tohse 
this umfavervzle slesaure cracilent, tien transition bo 
a turbulent bounder*y Mayer wlll otcurs Tis purtuLent 


bravery Layer @11) continue to oy eo reretion poirt 





att rh Come debuts ated ok] & Tenn Ss my ONS we 
em (es eek ee eee ate . 
woe GUTS eferekers fSAmARIEY Kime => Se Dee yelnw 

ES eee oe) > eee ee 
2) ey PTE 9 St es Tile ad 
ee 
dVilin wel We bared at od ete ot) ee - eoeemeass 
orld * teen ten rene csi oe 
oom a tm ves wml Meh = en! amie ewenirey 
i ot nile Sens et ey A a om yen 
mere ihe & we) an! We Ping gmtereeyle 

6 mt imatioe ome vis hen © at me 
wale A) ee oe ae Lae 
ee ee ee om yd renee 
7 mutreerw med poctmne —emenn <fitemerin «bl 
— tet Om ee 
Pelee mist oe a Cmte ee Taye wokeme! 






































er the end of the diffuser if seperation does not 
OCCU ¢ 
Thera is e considGarable fund of information ot 


beth lewiner and turbuient bouncery layer gro treriq~ 





ition, end seperation. Sef. 9 reviews the field and 
contains several pages of Curther references for those 
interested in pursuing the subject further, Host of 
the work done in houndary le yer researen ita confined 
to two dimensional eases. Te flew in a diffueer, oar 
any duct for thet matter, is further campliceted by 
thres dimenetonal effects. The flow cuteide the doun- 
Gexry leyer in a duct is not wniform. It, too, wey be 
either leminar or turbulent, Purthner cempileationsa 
in a duct of varying ctose-seetion, like a difvuser, 
exe added by the fact that the pressure reeovery acrose 
any cross-section is net uniform. 

rox purposes of analysis some csaumpticans, however 
erroneous, are necessary, In this particular ease it 
will be assumed thet tae wain flow in the duct is om 
Gimensiohal, end that the boundary layer behaves as it 
would in a aimple two Simen@ionsl flow, This will 
probebly be not teo far from the truth if the ooundety 
lever thickness re@eins srali in cumpaerison with the 
duct dlemeter. 


De feind oC lize 
Nef, 19 wives the folleving setuod of determining 





the point of eeWaretion of Oe lasiner boundesy leyer, 
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Velocity gradient = F = oe = 


fig @ equivalent flat pinte lemcth from the 
entranes of the duct te ttre point et # iad 
the adverse presgure gradient is anprlied 


= 3) + So 
8) ® 06376 o% (gap 


> © the distesce from 6, to the point at 
Wiich en adverse gradient is applied. 


&, * point of miniesm pressure. 


P ® pressure coefficient ® ip . P.. ) 


mp 8 gtetic praseures at any point. 
p= free stream atatle presaure. 


q @ dynamic proveure et By. 


oe ® Slove of iime eonroximeting tho pressure 
distribution beck of the point of mini- 


mm preecute. 
A» s Pe - Dg, 


The permissible velocity decrement @ th « given velocity 
epadiont is shown in Pig. 4, 
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ho 
Ge Wizdng Length. 

After the seperation of the Laminar bouodery leer 
there exists a transition regior In which the flow in 
the boundary layer is neither laminer nor turbulent. 
Aevording to tef, 11 the extent of this resian hes bean 





experimentelly determined to be: 
z , 12,000 ¥ 
x @ the extent of the transition resilon, the 
distance from the point of leninar sepere- 
tion te the point at which s Sally developed 
burbnient profile is observed. 
¥eg * velocity cuteide tie boulkndaery layex at 
the lemine? separation point. 
V® Kinematic viseoslivy eat the point of Leminar 
sopsration 
e@ a characteristic Lencth, in this cage, 
the length of the diffuser, 


D- Point of Separation of the Turbulent Boundary jeyer. 
A mathed of determining tha point of seperation of 
the turbulent boundary layer ian given in Wet, le. It 
vas found thet tee veriables controlling tne develcmeent 
of tae turbulent bourniary layer were (1) tbe ratic of 
the non-diwensional pressure credient, exoressed in 
terme of the jocal dynamic pressure ontelide toe Deuter; 


and boundary layer 
er Disatwem, to Vhe lecel skin friction cosTTicleat, 


rs 
ould Biba? «2 
Te 
oD ot ae of ene ella o malas ever 
—— tweet es ei bee Oh egal eutebed an 
et see ey okey We Mais GaP Lf ster OF qleenrs 
Me 
On A ee oe ed oo 
ee eT 
tmeoperet Met fee eaieg eer oo ender, 
were & echam cmatvet 
a at quad wt) oleae wihantad © 
aime mipanames eamlret ont 
Se 
em beeen 
(ome sd ak Ad eeeeleeress 6 © 8 
eel ad le et a 

















ES Somme de ee) OW Y enatem eee 
mitre 9 Ae OM Qademeyeres Ww lage » 
48 «30 SW ote Ob eee Pee tape = 
se ae Aven sg demaaee O60 tent beet ome 
’ seen ae (4) Wee emer yvaneens cuasbod afd to 
et me teeta emt eny Jeu bumemtnme onli 
etme om ee og een ee 


aeumarinees odtahet aire komt ell WS ote id we: 















ya 

end (2) the skese of the bowery leyer. fn enpirieal 
equation was developed in terns of \eene verlebles enieh, 
when used with the momentim equetion and the akin frie- 
tion relation, mnkes it nossible to trace the develop- 
ment of the turbulent boundary leyer to the soperation 
point. | 

At this point 1% is well to review some definitions 
whieh will be uged subsequently. Soeandary leyer thick- 
nesa, §, ie the distance normal to a solid beundary 
in e fbulé flew im which a velocity ersdient exists. 
for a lesinsar boundery leyer, “ef. 13 cives the equation 
for this thickness. 


§ = syn-f 282 


Sthar references give essentially the seme equation with 
some variations in the numerical factor. 

Tne veloelty distribution tn the leninar boundery 
layer, according to fief. 1) is: 

uo 20h) - 20f)3 + (4 (Prendti-tetas 
Nquatieon} 

Thie equation for velocity distribution is satisfaetory 
¢f the streeas turbulence fa lowe end the Reynolds umber 
is less than 500,000. 

The act al boundery leyer thicaness ie 4ifflealt 
to determine, Sowever, aid other thickness parm ters 
are uped. Gme af these is the dlaplecesent iichness 
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42 
displaced outward by the bowndary leyer. Tt way be 


J 


S.fa-ha 


Another boungery layer thilexness parameter is the 
momentiwe thickness. The differense between the ectial 
flow of momentin in the boundary leyer, snd thet of the 
seme quantity of fluid flow ne with velocity ¥ 1s Pv". 
Yrom this reletion momentum thickness geta Ltn nena, it 
ie defined as: 


ve [Su -Bbe 


“hig dafinition is quite frecvently used in boundary 
layer culeuletions, It should be noted thet, #1 though 
boundery layer thickness doses chengs in transition 
from leoinar to turbulent flow, womentwe thickness dows 
not, according to Aef. 15. 

Another paremster which eakes en avypesreseo in 
boundary layer caleulstlonsa is the shapo parameter. 
Thia ie defined as the ratio of the diaplacenent toica 








The equation that givea the rate of chase of the 
somantem in © beunvilery layer, originaliy derived by van 
jarmen, Gay be ePitten in the following form for two 
dimensional flew: 


f. 
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Aa + Mentha o s 2. 
= = lecal skin friction coefliazemt. 
£% 2 non-dimensione] wessure gredient. 


The walue of the skinfriction coefficient wes de- 
termined be the fevire md Yount formie (Ref. 16), which 
states: 


28 = [5.896 tot, (h+O7S My] 


Rg 2 


This stin frietion formala cives good agreement pith 
experimental reauite om eirfoila. 

ve variation of the shepe perameter, 7, alomr the 
gurface was determined by von Doeluwaoff end Tetervin 
to be: 


.H. 40690 (I + 26975) E $a 38 - 2.035 (nimi. 286))| 


>? caleulate the characteristics of the turbulent 
boundary Layer, it is elways required to moe the initial 
values of @ and A, the praseure distribution, ead the 
Qeyncids member, ith tais information anc the three 
equations above e sclution can Le obtained. eoaretion 
may be considered to seve occurred whom © reaches © 
velue of 2.4. According to Ww. 12 if Mee calenietion 
is betun in &@ region where the retic of tx oen-dinens lane) 
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| ‘ide 
preseure coefflielent to the ein (ri-tion eoet ficient 
ia very smeil om sitive, tre weoundery leyer is ent 
very sensitive to the initial velue of 4. For exemple, 
if defdx is sero, H will eventually heve the valne of 
1.236 remardlees of {ts initial value, 

Some eritictem of the ebove method of d etermining 
the peint of seperation of the turbulent boundery layer 
is given in Ref, 15. Thesecwiticions are: 

1. To determine the separetion point within 
ih oer cent of the chord, the velue of No lamwedtaetely 
after transition must be known within ¢ 6.05, 

2. There is evidamce fact skin Priction ine 
ereasas violently throven the adverse pressure 
eradient preceding; ceperation, 

3. the emplrieel equation is derived entirely 
fron date at low Reynolds number, 6.35 - 15 x 
10°, It may be preved unitimately thet eertain 
emistents in the em ation ~ay vary aopreciably 
with Heynolde number, 

kh. The moon velue of © efter transition is 
nearer l.ite In von Poenhoff's somentam equation 
(8 = lok) would be Debter than (UW - 1,286), 


Le «(ane of Delaying | 


“ef, 1? eupwests the followieas Getwds of arttlfi-«~ 





Cc) ai ly deleving seperution: 
ise frovida wotion of the aclid boundery in 
tne “arectlen of the stream, 
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iS 
2, Inerease the eurentve of the retarded 
fluid by jets. 
3. Frevent the acermmuLstion of retarded 
Cluié by suction. 
che first methed of deleying seperation sugnes 





ig impractical in & cnet. Tne shepe of e aiffuser Goes 
not ,eud iteelf to such a device, and secondly the addi» 
tional sechanisn involy e¢ would cause sere serious oenal = 
ties in performanes than the expected loss due to 8 eps~ 
ration. The idea ia of purely acedemic {nuterest.e 

The second method is a Gecided possibllity ane 
ef. 3 claime that the expansion lens can be reduced 
Lo to SO per cent at expension angles greater than 50° 
vy the use of deflectors. These deflectors essentielly 
provide a jet in the boundary leyer region by reducing 
bhe pressure gredient nesr the wall, or even accelerating 


the flow in that region. Seah large divergence mecles 


ps | 


Se ae 


Ae 
| “pet tector : 
ere not necessary for a aiffueer te be be used GB the 


entrance duct of a jet engine, however. tf ea jet die- 
charping into the boundary leyer froma en gubeide source 
$5 contemplated, che adiitions2 power yecuired Uo farniler 
the jat sust be accounted for in the oalipatatben of 
aiffuser ef Piclency . Aleo, the incrwebed mass flow met 
be ellewed for in the ealcvletion of diffuser perfor- 
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The third metsod of ppevent ing bouniewy leyer 
seperation seems the wost inviting. wef. 3 elates 
that diffuser effliclencios of the exder of 8&6 per cent, 
based on sower ratios, af powslble with diverrence 
angles greater than 50 degrees, Some resuk 3 of exori~ 
mente using this principle are shown in Pic. G. The 
definition of effleiteney is correeted for the power ex- 
pended in ralsing the pressme of the TLluld removed to 
the diffuser exit proesmare, agsuving ea pump efficiency 


of 75 per cent. 
PO w PY 


s* Brea? [a =i?) See 


Q, 3 quantity ef Tluid sucked away por unit 
Simo. 





Pa : Seas increase in preseaure from the 
suction slit to po, ciffuseer dlecharge 
Pre Seure. 

Still e fourth method of reducing earrnsilenm loses 
ie suprested in Nel. 3. In this wethod a golld wedy 
reotetion is impoaed on the flow by curved vaneR at the 
dirfuser eutrence. This Betion hes the effect of de- 
cresaiug thie rate of compre@sion ey inereesing the neem 
agistence travelled by the flow turonch the dl/fuger, 
"ther methods of reducing the rete of compression sue~ 
vented ty woe seme erticle are the owe of Ao Bare l] am 
@uct and the ume of « dividing veme in tie flow, fn 
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both of these Letter eeses the éivergence angie is den 
craaaed with the sane Giffoser lenin. In lef. 1! 1t 
wee foun@ thet the ese of te dividing vene in @ flow 
redueed the losses in wide angled diffusers, but the 
effielency was not es bigh as for a longer diffuser 
with the sane divermenee eugle ea each of the separete 
pessames into whieh the shorter diffuser waa divided. 


S- Eviction Lous. 

skin frtetion is ome of the najer lesses encountersd 
in the flow of e viscous fluie over a surface. Prandtl 
tn 190) introd@eeed the eonvept of the boundary layer, 
8 region of small thickness nesr tie surface of an object 
lymersed in ea fluid strem, or moving tureugh a Mludd, 
within whieh the speed of the fluid relative to thw supe 
face rises within a ecucparstively short diatene from 
gerc at the ourface to a yalue comparable to the reie- 
tive speed of the body and the fluid «: « greet Gio Cameo. 
The frzetional foree exerted by the body on the fluid is 
propertioaal to the velocity eradient nomral to tm body 


end can be expressed: 
i Sy 
o* | aes (2) 


Tan effect of sxin friction ia such @&s to cause & 
in Che fluid in the @trection of flom 





preasure dror 
Considering # filement of flow upon #hich frictionel 


foresee ere seting: 
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Nermel Force 
- 


ond: 
4 P+ dp 
f 14 ba 
TNR st 
fe Zz fam ¢ 1%, Sp et gh sen > > 


®rengure force = pA - (p + dp}{* + aA) = 
~Adp -<odA (2) 
torwasl foree 2 (p + R)(a + dh = &) * pda (3) 


‘whetion force = - Tio + Sule + Maviat () 


Acuording to Newton's lew of wotion: 
av = de dv /dt (5) 
tow, eamriag the fersea in tm @irvection of motions 


y = Pressure force + ner@al force cimepormen & 


+ fricetien Preree (6) 

ay © “hap -A% + oA - RT (vost + Eogeat + 
| bygAit) (7) 
de = ¢ hdx/e (5) 


Substituting im the equation af setion: 

-<hap = 11 pvdt oka ax Sf 

in = BEE EK 

at - h TS oe £ vav {9} 
Tris equsetion hee £140 vere war i tert 


m+ bhai) +h gee ceo (20) 
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"oy fire the frictiom logs in teres of total » eseure: 


an cy® oo . 
pte lee 9 (12) 


v « gy wrH 
a(v2) = gyrate’) + gy mar (12) 


ea Gee 


ee 


e7o ££ 0 (Adiabatic orseega) 


_ Yu) *y 
2 a (13) 
oF Sa | 
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te 
“2s (1 + Gh 8 VAT 
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Substitubing aq. 13 in eq. 12, @rd eqs. 12 med 1) in 
eg. ll wives: 


aot + kt 2 0 3) 





“379 2itou 

reba? » | sano » (26) 
pp 1 PB — 
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Tas ekin irietion eceffielent for the leminary bow 
dery lege’ on e@ thin flet plete iw: (Nef. 13.) 
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Por tne turbulent beuntary loyex, the skin Orletion 
cooffielent ie given by the Squire a Young forma 
(ef. 16.) previeuely five: 





Althoush neither ome of these skin Cfrietion eoefficient 
equetions have been obtained for flow ia & duet, it is 
belleved that they wlll be reagsonebly accurete if the 
boundary leyer thickneas reesina amell canmpered with the 
duct dlareter,. 


&. Surly Less. 

In a turbojet imstalistion it is not elwaye feasible 
to duet the abrflow from the diffuser entrance to the 
compresaar without the use of bends in the ducting, 4 
loss of head reevlte from this chamee in the directian 
of the eLrflow, bet with proper design the logs can ve 
kept te a very low value. Te loss of heed in a tern 
la caused by the tendeney of the flow te separcte from 
the ingide wall of the bend. At the entrenee to the 
bend, the velocitles in the duct ere rectilineer, Afver 
entering the bew, the velocities Mateivution tenda to 
chenee, Toe flow on the inelide of Use vend, turing 
throws © tierter radies, 1a sceelerated fester mess 
the flow om the outeide of tm burn. Nanditions bevsmo 


a 

ee ee 

wa s+ 

ace qu hen cued OS GS Gav of Ginkt ew 
vant, Cemmariny (wht ote 


rrr awe > 
‘39 
ee tomy bs 
46 2 ree kT RR mee eee eee 
2!) ft yaome prmmemnet of Air yaee oaer Ooms) ie 
= 2) rer Ne ee ee ae) Gee 
i ls 














ns les tt 7 | 

Alte amml> a <i t! enlindinbens daletuss « at 
et ems eek et eaev onl Dade 288 Pw vo 
ee ee ee ee 
ae er ew we ee ee en at be Beet We eel 
nm —\ — a Gee te Set 26ers oe ie 
~—.+<ee * oy = our pal yg 9 ot Cee 
= shea « of ae & mv vt lets w 
we ewer . e Un ee 
Se 
O° \dame EmAAem TORN SRATONEP GP OF pit 
+ wt oe & eee ot & eck ae 
cd tate Oe ee os cokes eetate © Aprils 
—wt emi ue et Ve eles oot ce Ga¥) oat? 












similiar to thone for « free wortes, ent the mm esate ob 
tne inside of the turn is lese taan Wat on the outelde. 
Thies redistribution of veloelty cemvlts in increased 
turbulenes thmoushout the bend, pon leaving tre kend, 
conditions ere reversed, uid the eapvosimeate free vortea 
wetion eatebliated in the bend sust be changed beck ba 
rectilinear flow, For a 90° turn the length of durt 
following the corner should be about h x tha dlaseter 
of the duct. 

Aoooréing to Bef. 19, the wrning loss ia a funetion 
of the followkag: 

1. the redine ratio, Unc ratio af the racine 
ef curvatwre of the duct (1) to the clemeter at 
width of the duct (b>), aneeured in the same Plane 
as | 

2. the aspect ratic, or retio of the height 
ef the duct (0) to ite width (M). 

3. the angle (9) throug whieh the gir is 
defiectad ty the corner, 

kh. the local Aeyuold's number. 

Tre oresaure love involved in turning the sirflow 
can be expressed in the form of a reslatance evel! iciant: 


ke * rte 


Pig. 0 shows the effect of redina retle ant deflecbian 
eugle wpon the resistance casfTicieot. It somuld alag 
be realise@ that Ghe terming loge iv propertiensl to the 
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sqaere of the velocity. sane representstive veluea of 
the registunece coeffielent far various duct enapes anel 
turning engles are given balew. [mn toia partleuler 
series of testa the Aeynolds sumber was tween 10° au 
10° caged upon ouct dlameter. 


m, ; i? 
bee. ge > , UN fete & “ * 
1 a¥ _ | i as Tin ‘a Wax . d 
ty, | LY K Foy 3 =~ 

Py 4 
@~ 309 kK, = O15 De® 0,02 
6 - 60° 1.10 ol. eS 
e- 30° 1.660 1.05 0.20 


The advaeatare of the Gireuler duct without too eeall «4 
vyeine of padilua ratio and with emall turmins ancles is 
rescily epparent from the above listed values of pPssle-~ 
tance eoefflelent, owever, tie ef Sichency of the ree-~ 
tenguler duct een be made to anpranch that of tne cir 
euler duct by tnerseging tie espect ratio, /o. The 
influeme of aspect patio #ith veryine radius ratio to 
tive a resisteuves coeffieient of G.15 1a shem in Pie. il. 
Sherp bemie way elao be teoroved by She use of 
curved veree in the bend, “hene Rave the effect of 
oreati@e high sepect ratio peagserea, The Aap /ehord 
retio, afe, of these vaes ls Leportant es shown in 
Pic. 12. “Sesistence coefficient reduces to e miniuuse 
et « gep/fehord ratio of about 0,3, ead then Lacreaeser 
as the cap /chkord retio la raleed or lowered. Thia date 
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Was Obtained im a 90 decree bend «20h vaner sped ea 
quarter circles. The exple of imeidenee ef the flow was 
45 degrees, end the eynoldse nuber based on dae chord 
of the vane wes between 10% ond 105, TC was alao faund 
that tne angle of incidence waa not particulerly epitiea: 
es long es hive vames did mot steli, The primary regqul- 
site of the vanes is to heve the flow peraliel te the 
cuect well sien 1t leaves the venes, The eavtle of ingie 
cence of one venes is defined aa the angle which the 
chord of the vane makes with the direction of the in- 
caming flow, 

_ Somes data on the lssses involved when a turn ia 
made in an expending entry wes obteined from ef. 29 end 
43 Shows in Wig. 13. In this test the duct was vectanw- 
ier sith two @iverging and tw peraiiel welia. It was 
found thet feirly aleh reaistence coefieleate were en« 

ouNnvered particularly with inereoamking expansion ratios, 
Sines the loes occurring in e bend Lavolver flow Bea ~ 





ration fram the wall, end sines the dineer af Rees FL om 
i# sl@aya encountered {n the 2iffuston {fF oceans wit: 
inereasing area ration, it mioht bo expected thet the 
combination ef these tes wnetiblie flos preeesses would 
resuit in fairly hich losses, 


Tt sowdd de desirable to eliminate sli evetructi ang 
from air intake ducts, tut ik ie not LOGS pessitie. Fn 
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oh 
oany cose, the €iffuser ia not # simple comical shepe, 
but amy be en efauler duct with «© central ¢ me. "be 
centrel come mist be supported In some eauner, wually 
by struts to the outer cons structure. Te central 
cone may also house apperatus requirine leade Yrom the 
outeide of uke engine. In acme instances, screens ay 
be placed in the duct ahead of the compressor inict te 
npevent the entry of foereien matter into the erie Lines 
All of thease obstructions exe vsetentiel sources of 
pressure lees due to turbulent Clow ebout teem, The 
pagnitude ef the loss depends upon the lecetion end shepe 
of the obstruction. It would be lupossible to give 
conere] rules covering sil pomsible eases, wut gum @eeti-~ 
mate of the loss may be wade for s pertieular Canes 

Let ug consider one of the worst esses, an obstruc- 
tion «hich Ls not atreeelined. The less cccaesloned by 
this shape ean be considered to be caused by 6 sudden 
contreetion, followed by a suiden expansion of the fi ow. 
Geof, SO elves the esuerel form of these losses. 


Loess due to s sudden contraction: 
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Subseriit ot 
& ~ poeltion eheed o& ebatmuction, 
; b - position of minis cross-sectional ere@. 
c ~ Poeition after obstruction, 
Lose due to an ebatruction: 


Ageume thet Ve, * Yo 
\2 
ape eae + Ft a 


¥ 
Ap ® ay (k + (2 = B®) 


Aeoawes thet the Sloe is tGeugpresaible in tae vielnity 
of Whe obstruction. Tile sssweption ia justified beeause 
te obatruction will probebly bs located in a region in 
@ich the flow has alresdy been considerably slowed dowt. 
Ginee the loss is a function of the square of the velo- 
eity it would not be logical to have en ababruction in 
te high speed Slow region. 
Va/Vy ® Ap/he * (P/g)® 


Ap * %& (ik& + (i = ky, [hn )*) 


Sow the loss coefficient of sudten contraction la based 
on flow from a lerger pipe te «8 smaller ome, but lat ua 
atsume thet the aeee esefflelent is setisfectory based 
on spea patios, taen a new loss coe! leimet beamed on 


ares retios een be gslouleted, 
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weere = ® k + (1 = byt) 
This new eveflicient fa plotted im Mig. 14 for verlous 
area ration. 

if the obstruction is larwe, the losses will be 

large, but for sewt ebstructions whieh might be encam- 
teced the Loan is low, but of alenificrat magnitude when 
trying to keep efficiency high. ‘Tho loss due te an ob- 
atructien im the flow cam be further radueed by the uae 
of a fairing or atreesline shape erourd the obstruetion, 
in this eese the only leas to be expected would be thet 
due to friction whlch should be very email. 


Re Leskase Loss. 

At the axit of e diffuser the internal mr exsure 
may ve comsiderably above the pressure of the surraomd- 
ine ely. Unless cere hes been tawen in weking the 
joints, particularly wrere the diftuser joins the Gome 
preasor, the air will leek into the region of lower 
cressure, This comsideration militetes aseinst the uve 
of lenc ducts from the diffuser «exit to tha compressor 
@Ntraiicas 

Depandinse upon the munber and aise of the leaxa 
themselves, loakege can heve a serious effect om cirfu- 
ser officiency, Leskage results in & UWwroerfold lose 
Tirat, there is e lows in the wass fice into tie com 
pregsor; end, secondly, there is 8 Loss in frosmre 
regultine frwe the lows in flaid. > woke ane «tine te 
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5? 
of the extent of loes doe te leakarya eould serve no 
useful curpoee, Leakage is inexouseble, end if it 
ehoald occur, the first thought should not be whet 1a 
the effect of the loes, bat how can tGn leak be stooped, 


Q- Exit Lens. 

it hee been found (ed. 21 and tel, 3) thet completes 
presaure reeevery goes mot oecup entirely within the 
diffuser for a given diffuser orpsea ratio. Sef. 2] was 
the eouree of Fig. > which shows the length ef ducting 
meessary Tor a turbulent velocity profile to develop 
in the duet, The velocity profile leaving the diffuser 
yraper is parabolic in saaepe due to the feet Chet pesmure 
peeavery ia net uniform in a plane normal to the diffuser 
@XKIR. 

Ref. 3 eclaime thet the required iength of dusting 
following o @iffueer can be reduced by eection slots in 
tie wilelnity of the 4iffuseer exit, or iodmweing a solid 
body rotetion in the flow in the aiffueer. Ssuetion 
Slots, therefore, wiiech were used to reduce the Like- 
Lihood of flew sepaerstion mow serve « two Told purooss 
and redwee the required leaecth of exit ducting. The 
extent of rotation inieced in the flew at tue diffuser 
exit by the rotery motion of tne ooepressor is rot 
waoen, but 1t te felt thet some rotation does cectir, 
Tile, teo, wolld hewe ‘he benefieial effect of thorten- 
ing the leneth of exit doctime required, Ssnerelly 
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sa 
speaking, am emrwler type diffuser hea e wore Jdesireble 
axit velocity orefile tien does a plein conical diffuser 
md wuld require «© sherter length of exit ducting fer 
aomrlete pressure recovery. 
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Ze JInieb luct Lyotiion. 

The sireraft deaicner has the cheloe of many 
different losations for his enrine vir inlet, Limited, 
of course, by the angine location thich may be: 

1. Submerced in the fuselage. 

2, Partially evbeeresd in the fuselege, 

3. Submerged in the wine root. 

he Loeated in a meoelle in the wing structure. 

S. Located in a necalle supoorted by « pylon 

from the wing strne ture. 

The alr inlet may be located at a etagnetion point in 
the flow about the airplane, or may te of the scoop 
type, eite or witheut boumlary irnyer eantrol, of it 
may be @ Clush trpe openine in the fuselage. “he ehoice 
of desion is a compronise Letween interaai Ticw eonsl« 
deretions, extervel drat considerations, end structural 
0.te i daeruti ond. 

Tre stegnetion peint inlet has the advrentese of 
giving e good velocity dletrilbution seress the inlet 
fane witveut artifietal flow contrel, Swen the steg~ 
matian peins is “ae nome of tie fuselae, however, Lore 
duetiw ere Ppequired fo lead the Clon beo® to Uwe engine. 
At bigh speeds Une oreseseure differential betbwwes the 
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wo 
imelide end cuteide of Ge Gact requires wobstentielly 
eonstructed ducta with well weled faints to prevent 
lenkare, Valueble fuselege space is seerificed to te 
dueting, and bends ia the ducting ere generally rendred 
to mulde the Clow around obetructione. 
In multi-engine insiellations, Une trend ta to 


Locate the fat engines in or supported frat the Wings. 
This type of engive install tion pereits stannetion 
polmt eip inket duets with ssort diffusers required 
because of space limitations. ‘xpemsicn angles ereeter 
that optieua way ve resuired. Additional probl sams ere 
Miss present, Tor supersonic plane designe the effect 
of the shoek wave, ceiginating at Ow Cuselage none, oF 
the flow sheed of tim eir inlet must be considered, and 
wey limit che enrine lesation, ‘The seek wave forming 
amend of the eir inlet duct iteelf “111 undoubtedly im 
fleence the flow over the wing cf (he plane, and amy 
eaneo such &@ loss in the wing perforwance that auch @ 





confiewmration would not be perwisalble. Var sudsonie 
flows caro aust be taken where severel air inlete are 
edjecent that the flow inte one duct é0ea not affect 

the weloolty distribution acrome the fece of anovmr, 
of teuee the critics] Mach member of Ge eine to be 

Lo wered. 

Te scoop type of lalet hes poor velocity dletritn~- 

tiem ecrwee Ue fees of Une duct tecmuse it is lented 
nest © @ Serfeco Were «& boundery leper exiets, "eS 
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| oe 
bleeds at tee duct efitrance until] eorrtitisna comperable 
to the stegnetion point inlet ezirct. The added feature 
ef the boundery layer bleed «md ite contro). add te the 
design complexity, »owever. “or scoop Lalets to @n 
emeine subuerqed in the fuselage the flow eust aggotinte 
teo tuyne end foin in a Yeduet et the compressor entrance 
in most lnetances, This probles is net unique to the 
scoop type of inlet, though, Meny deslena with the iniet 
in the ~eee of the fueslese heave e similer conficura- 
tion @ehere tie ducting La divided «t tna noge of tim 
airolane, end the ducts folicw the eldes of the fuselupe 
and oeet at the engine entrances. 

The acoop type of inlet haa advantages o150. 
Shorter lengths of ducting are required whieh wen 6 
wolgnt eeving end reduce the probability of let«are 
loss. Lease fuselace soeee ie required for the dgueting, 
end femwoved visibility for the pllet due to more cesi r- 
adle noae snepes results, for military alroraft bether 
ormement arrencement can be obtalned sxe: Lbeere is no 
Gustine im the nose of the fuselage. “here the seocop 
ls lovated «& “re wing-fuselawe juncture tHe opitieal 
Wech mmber of thie esetion can be igeroved. “is 
partieular point is elec a somrce of drag which may De 
reduced compidersbly by the Inlet sod exit duct lovecinan 
thee, 

ALtm the coming of supersonic plene 4eeigns several 
63uemples cf om flueh type of eir inlet duct have 
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appeared. The flueh air inlet leceted st scoea polit 
ok Lhe fusslege seerifices rem compression ehead of Nie 
eir inlet amd has an eatrence veloeity distribution 
problem, bet the decrease im resulting Grae end mall 
erfect on the flow around the fuselace contour must 
offer greeter benmfltz then the redueed psrforeence cue 
to insoample te ram renovery, 

Tee inlet duets under discussi en ess the main alr 
iniet dacte for him speed operstion, Some alreraft 
heave auxilisery aly inlet ducts for low epeed operation 
eae tawewoff eenditions. At low speeds the velocity 
Patio is eo high that diffuser perforeance euffers, 
tem reeovery is not of much efoenifieance at these low 
Speeds, eri so tee auxillary elr inlete provide a means 
OY wetting @ large volume of sir to the engine in the 
quickest possible eanner. These auxiliary ducts are 
ususlly wring Loaded dsors opening directly into the 
plemae echeeber st She compressor entramee. shen the 
pres@ure in the plenua caember la below etmoaple rie the 
eunili@ry cir inlet opens; shen tie pressure cele up te 
ateospherile te suxiliery air inlet closes due to the 
Spring action, end a flush exterior surfece results, 

The catles of air iniet duet losetion is subfect 
to weny cerppromisos, It wuld be Lemoeeible to r each 
* definite eanclusion en to eliech is amreservadiy hetter 
than easy ctyer, (Peeent «eirplane designs gow a cheat 
variety of inlet duet loeetions end types of a: traces, 
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63 
seme of hese particaler Lnetecces will be discuwsed 
letee. It #neeits thet in swe cases “he Location of 
the entrance duct wee « result of whe eirfrane confign- 
ration; im other cases it would appesr thet Une airframe 
emificuration rem lted from 6 cholee in the docation of 
thea air entrance duet, in the future Lt la boliewed 
that the latter e proeth will be morr prevalent. 


2- Amen Ratios ang [ifCussr Length. 

tf a €iffuser oxlt meeh number is assumed, the 
required arwa ratio to obtein Lt can be computed for 
various entrance mech mambers and diffuser efficiencies, 
An exit mech mumber of 0.3 will be aemmed, wiien 1s a 
reesoneble value for the airflow to be supplied to “ne 
coaprossor, ¢ renge of entranse wach numbers fren 9.3 





to 1.0 will be investigated. Nach numbers greeter tien 
ome will not occur in the diffuser vVecaune 1t is prefer- 
able to have the shack wave located outside the diff mer. 
inebeed of Q@iffuser of flelency the veristion of area 
retio and diffuser leagth with total preseure ratio, 
whieh is a meesure of dlffuser efficlency, Milde 
inveatirvated. 

first, che ares retio necenseary to eccelerate & 
flow teentropically from ils present mech number to & 
eech oumber of one can de determined Cr@e continalty 


ounmi dere LLonae. 
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The required area rativus to secamplish coemrenaion to 


em exit wach tumber of 0.3 wit various antramee «ach 
numbers and totel sessute retlos ere shom in “40, 16. 
if ea copies] dif fuger with a ¢ivergenee encle of 
5 deg. is Gaeumed, tte pesclt, diffuser lenmeth ie @ 
femetlow of tee aean flow to be Cleedgted end She alwea 


retiqw -@weviously determined, 





we PAY = kip we {e 
coh ae 


Ay *r os 





Sie, 17 uhews the varietion of diffuser lencth with 
aifcarent values af the weight Slow Mmtemster en total 
ptecseurs rpatiag for verlous entrvanee Geach muniere. 

Piceure 1: reveals thet relatively amall eres retios 
Wwili reduee eny expected diffuser entrances mach number 
to er exit weck mumber of 9.3, even elith lerge internal 
leoseees im the difiueer. Lanrre internal loeses in the 
Ciffuser are cot to be expected, however, with such geal) 
sen Patios, Nel, 3 shown hieh diffuser af! lel enmtes 
*Lth aeell area retios, amd a diffuser divercwnee tre le 
of & to 0 deg. 

tn Pig. 17 the effect of enteanes wach mmber and 
weight {Low upen the diffnaer lenget: ean de geen wilt an 
exit mech mumber ef 9.3 end a diffuser divermenes «le 


of 3% duerees. it io interectiue to aote thet ite aentest 
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diffuser length dves not ceeur with Cue largeat diffuser 
entraies mach tueber, but eccums ef en sntrence mech 
rember of shout 0.52. Thie in due to the swnil chenge 
in area retlo mequired .t theese hier entrance mech 
nmebers im cemparigon to the ehaesce in entraeies eree 
recwired te welmtain the clven evicht flow, 4s was to 
bs e&bpected, diffuser length increases with incresead 
ease flow atul decressod dl{/fveer efficiency. 

Whether these diffuser ieseths ere tolerable de- 
pemds upem the emgine lecation and tha sise of the air- 
plane, For an engine iocated in the fuselage, snd with 
the @iffuser entrence located in the sowe, it ia herdly 
liltely thet aveh diffuser Lengtns wm ld be eritioal oven 
with large weleht flows. Te weicht flow of 1596 »ounds 
of sir per second, using the tinmesd rule thet ene pound 
of wir per seeond corregoonds to 5C pounda of thruet, 
would be the equivelent of a 7,500 pound thrust unit. 
Vor en engine installetion in the wing, or in a pylon 
atinehed to the wing, suck diffuser leacthe es heve been 
calculated eieht be iepractioal. Theee lengths could 
hoe desrensed by incresaing the divergence angie, ot 
peduced @iffuecr cerlormence could be expected alnece 
tiw divergence angle used in Uv cenpuitetions is just 
about the optimas, Sue: problems, bowerar, should be 

ed im the selection of a: eagime ac Ltes 
ine tOlie tian. 
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&- Jtfect of velocity retie op # Giffueor. 
Yeloelity ratio is defined os the yvatio ef Oy 


éiffueser entrance velocity to tie free stream velocity 
of the airflow. For subsonic flows BACA has determined 
experimentally that thie retio should be @ thin *ie 
range of €.3 to 0.6 for optimum perforeance. 16 vas 
found that et very lowe velocity retiscsa the flow tended 
to Seperate fram the outside lip of the diffuser md¢ 
increese the external crag of the emeine nacelle. At 
higher velocity ratios the Slow temled to seperete from 
the diffuser wall end the areesure recovery ext i ffueer 
efficiency decreaecd, 

“he volume Plow throug: a turbojet tems to remain 
constant for a given engine @perd, end so, at any ome 
Slieht velcecity, the renuired iniet erea for a diffuser 
is @ fumetion of the veloelty retie. 


 * ee 


Therefore, a bigger entrance eree is required for low 
velocity raties then for hivh velocity ratios, 

&t Fileht velocitie, greater teen Ow diffuser ine 
let velocity e stream tube eheaed ef cwe diffuser inlet 
starte ex»sandime. The flow valoalty in Use strpwer tube 
is decelereted to the gestred inlet velocity end in the 
nrocees le comreseaa Laeentropleaiij. 
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At the lower velocity ratiog sore of tha compessien is 


aecomillahed autaide tw diffuser tean at higher velo-« 
elty ratios. 

Sines sompreesion witni¢e the cifTueer ia aecenm- 
oliew@ et greater efficiency than compression in the 
dirfuser, it would sess bo ba sere practizal to Keep 
the velocity ratio as low as posaibie. lgtvewer, If 
sheuld be noted that as the flow acproaches the “1 fTuser 
entrance it hee a velocity camponent normm] te the diffu» 
eer axia, This ts equivelent to inereaging the angle of 
ett@ok of the diffueer lip im the air stream. At very 
low velocity ratios the diffuser lip stalis end toe flor 
geparsies from the cuteide surfees of the diffuser in- 
creaking the drag of tee neselle, for this reason, & 
Lower limit of pereiasible velscity ratios is estabilshed. 

at the hheher velcoclty creties wore of the comp es 
giom must be secomplianed in (he 4i'fuser, For ton cane 
lenst, of @iffuser end exit velvelty ise pressure gradient 
ia erecter, ect the danger of intecrml Clow separstion 
from the eel] of tam ¢iffuser le inerwened, Tf te 
Leorth of the @iffueer ia increased to permit tre ali 
areeoore gredient ee could be obtelned efits tw lower 
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velocity ratio, the boundary layet ons &@ greater dis- 
tance in which to grow thicker, “syametion of flow is 
aiso x» funetion of Re boundery layer thie:nese, [n 
view of tnese reasons the upper Limit on desirable 
velecity ratios le extablianed, 


G. Yeriation ef velocity ratio with feae of oper: 
Onee the geometry of « Giffuser hee been established 





for desireable operation «i a partleuler design oomedltion, 
the velocity ratio wlll vawy with departure from the 
desien point, 


- « 





This ecwation tadicates thet the velecity retio varies 
invereely as the Plight mech number and the equeare root 
of the wabient temperatures. If also varios directly 
with the voltme of airflow, fPertiouleriy oeritical 

arm the stetic tnarust end texe~olT comiitlom. At toe 
static thrust condition the velocity patio le infinite, 
and @t tekew~of!f velcelty the velocity ratio is ecansider~ 
ebly greeter then one for an entrevwe duct designed for 
efficient operation ot high @peed, wiless suxillery «air 
inlets era previded into the plana chewber, 


¢- Liiees of supersonic speed on velpeity ratio. 
At g-perseaie snemde with @¢ sacck wave ahead of 


the ai ¢faser eatrance, the values af Von bo, ent Te 


. 
tt eet «ome wel ooh ow o6ba5 Wieeler 
i © ihe =e oie, Of S9hee 4) aoe 
 ——id 3 oe oe 20 Sane ® aes 
awe lets owe af ace Geet) > ome 
ht Dever 0) eedere 0 fenton 
pve SS weet Atey Shee? @ ied S olde <4 
Aw ae er eT et (oer aoe 
att te Qe = Pernceet 2 7) Guerin oleeieed w\ 
oe) ge tee Chie quae Like ~dten qi lender aa! 


gota 5 


















tree Lee mehowee at a etennhems mbchame alc? 
eee Ok ee eee eee Pete) aw ee eer ee 
eet wedi tae OT eon? Jute OFF 





ete te RT eenee td «8Tee re Tecea os be 
— ee fom aeeer See eee cee deo Zlite 
188 GOUT eRe Senter been Aelt 28 cetoownee tebe Tie 
oe mel ee ted Reb iTeRE Ot et eat 











<a? Vee: ye coe Slemrod dee «t 
i. eee oe eee « he ae ws Mersey fA 
a) ee gt of & fenton ate Am ame wore 


7S 
uoed in Une Letion of velecity ratio ere the Cree 
gtrous catiditions lawedietely following Che sicek wel 6. 
Other values would heave little sienlfieance. inca it 





33 afeumed thet a nermal plens shock accure in the 
region of flow through which the stream tube sotering 

the diffuser passes, the eontitions ime diately following 
the agock are unifore, Whether of not the limits for 
veloeLlty patio whichheve been established for subsonic 
flow ere aopiicable is a question of qrext importence. 
Aithough the strea® velocity directly shead of the aiffu-~ 
ser inlet ls smubsenic, the adiasent ficw is not. The 
velocities in the region about the difruser entirence 

are of aome wich complicated pettern 44 ott. 
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Low velocity ratios will sove the position of the shock 
wave to preater distwieos froe ‘he diffuser ialet. hae 
effect of this position of the succes Beve of thw secelle 
draz, and the exuct position of thw shoce weve is hot 
unown. It ewuld eves Likely thet positioning the shock 
weve om Tew 4iffaser lip wt) a velocity ratio of ae 


wowld cwowe the least dreg, In thie conan, tae axbernes 
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flow fleld would be sepermonie, end we internal flew 
subeonic. Of cuurse, this sould require a lage -ereen- 
tage of the eresemre reenvery to W effected by the diffu- 
ser, eid diffuser efficlency decreases «ith \acreesed 
Gemands wmwn Use diffuser, 4 further complication intzo- 
@ueed by powitioning the saock on the diffuser lip is 
the effect on the beundary Layer, 

Tee deceleration of flew through a shock nave is 
accomplished sith some degreac of turbulence seeoubting 
Tor the entropy inereage thireugh tw giteck. «lth 4 
cetached shook this tumbulenea tenia to be dared out 
im the free stream lowe. If the suect Is rouitionesd 
om the diffuser lig, tae ensuing turbulenee ia treng-= 
mitted to the boundary layer. Un te the threat of the 
aiffuser there is ea favorable nerative p: 





genre ¢ Pacdient 
tending to dewp the turbulenee, end esteblish Laulnar 
flow cuiditiong in the fieyor, This favorable 
region is of very sfert length, however, md the turbtue 








lence way carry over into the uanfaeverable oveltive 
seaeeure oradient region in the ¢lvergent part of the 
aiffoaser, emt haaten flow wepareatian, seriovaly effect- 
ime the diffuser efTieleney. Thia should be thoreugily 
inved © i geted. 

Tans, we ame confronted vl & aliuhtien Ghere « 
deciailon must vt mele aa to weich is “eo mote ori tical 
fector, Daa powerplent perfaernanes er Use serody namic 
performance ef the eirplene. Nefore « deelaton can we 
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Tre first consideration in ths design of a diffuser 
is ite siae ami shape. The size la emtrelled by the 
desired volume of airfles tnrough the @iffuser, and Lita 
shape by the desired characteristies of the Lnaternal 
Slow, An infinite manver of shapes and slzes conk’ be 
considered, but for prectioal reesons only ome conf ieu- 
ration will ve amalyxzed, It is hoped that the me tired 
of anelyais used wlll be epplicable to other designs 
with necessery sodifleations. 

4 Sepresentetive eedern turbo-jet engine develops 
hypOht pounds of stetle thrust wlth an alrflow of 73 
pounds of air per second. The cagressr of this enmine 
Sill camewe a coetant voliwe of «ir far a ¢iven eltine 
Spood, “he tupbo-jet engina is charecterized by viving 
its best perforwenee at iia deulgn engine apeed wiich 
is i906 per went “?8. The volumetric cepacity of Une 
fiver engine can then be e@leulated from the contimul ty 
equation, and the «iffuser will te deeigmed secordingly. 
The Geneity of the entering @€irflew 111 be aseumed to 
be thet of the standard sea level ateosplhere. 
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gene 2 Fe hyo Vili? cite LG. /MEC. 


wt seicnt fiow, 1b. /se«. 

Q © volume flor, ca. ft. /nec. 

& ® eYome-sectional area of flisce, ac. FS 
¥ «= flow velocity, ft./sec. 

P @ specific weteht of fluid, 1v./eu.ft. 

no three opitieal design comiltions ef ea turbe= 
jet powered airplane are the atetic taruat econvition, 
tate-off end waximum speed, In the firet two vonditions 
© aiffaser is of little use, amd it would be better if 
some device wae used to bypaes toe ciffeser, The cunéi- 
tion of saxteum speed, Sowwwer, ie the puint at which 
diffuser perfurvence ia desired, Tae design operating 
emmd@ition of the diffuser is then decided upon, Sut 
selection is a flight Usaeh nmber of 165 at 40,000 
feat eltitude, 

Tie diffuser vill be eonleal with a rounded entrance 
lip te reduce entrance losses, Pre vei ocity retio 
desired is 0.6. Yer flight sen numbers grester than 
one a deteehed normal svock vill oveur shead of the 
diffuser, and tue totel preeeure lees secowpany ing this 
shock will be accepted, Shere sivetk occurs, the Sree 
stream velocity follewing the aheck sili be used to 
detenaine the velocity ration of tee ¢iffueer, The 
Velocity of flow frome Ure exit of ime diffuser Wii oe 
thuet comprespocding to 6 Meeb mapher of 0.3. «1m 
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7 
tals inforpetion bie elee of tke diffuser com ba beber- 
sined. 

First, the eomiitlons nerows the shonk front mp ve 
te be deternined, ‘The tuttial conditions are for the 
Stwmierd Gtimesphere, aii the conditions seross the norea} 
sieck are found in Gef. 5, Tuble 48, It is then eeqomed 
thet the flow ia slowed isentropleal iy froe the free 
atrege comiition to the eundition et the diffuser ee 
cranes. This gives the followine conditions: 














x eS 2 ITF 39249 eDOQUNE 
y/x 1.320 | 2.458 1.2622. 
y -?O1l 538 1117.5 963.5 062084 




















y 701i «733 733.6 
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~ waloelty of sund, ft./see, 
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- #tatic preseure, ib./ag.ft. 
~ static temperetore, dec. &. 
~ Gach mumber, ¥/a. 

- comition before Bie shocl:, 
~ GComilition after the shook, 
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1 + @iffumer efilrasce, 


ws 
ate mo meeplh OD he bk OT aS ee 
——*? os « 









— — owSet weld - 5 
— all @wl've anlignes - § 
ommmnhes Cine tle « f - 


2 « diffuser taroat, 
3 - diffuser exit. 
* ~ reference stete «bere each nusber ig sane. 
Nnowlng the velocity et the entrange of Ure di ffue 
ser, si knowing the volume rite of flow the 





area af 


tha diffuser entrence can be calculated, 
Vi s 46 a Vy = 172 ft,/ooe. 


Rl rr T = 


Dy = 1.005 ft. = 19,25 it. 


fan / Rt UP : 
Ay © Ay tes 2.925 x $028 @ 2.635 sq. ft. 


Dy # 1.83 ft. * 21.95 tn. 





= 2.025 37 6 ft. 


Ay war calonleted from Teble 30 of the "See Tebles", 
knowing the Geosired exit mach mumber, «nd ssaweing an 
isotropic nroeeszsa. This sseumption will be correctad 
later to all © for the feet thet the process #111 not 
be isentropic. Boxt, with a eentraction ratio ef 1.1%) 
vetween tne diffuser entrenee and tiwost, ané round img 
the eanitence lip, ihe gach mumber at the throat wee 
found to te 9.51, thront eres - 1.71 sa, ft., throat 
disemeter - 17.75 in. A divergence angle of 3 deg. fram 
tne tmrest to thw exit was O@ememed, ead te €if Swear 
length dJetereined, Te dimensions +f tiw diffuser ere 
now <nomm end the a@hepe it ae sewn in the kevewepatiy ihe 
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Sow thet the ceometry of the diffuser has been 
determined, the character of the internal flow ean be 
determined for any given comlition of inflow, The 
volm@w rate of flow fox the design opersting ecandition 
of the engine has been caleuleted, and the valoeity at 
Lhe ciffuaeer entranee has been esteblished. The com~ 
preasion or expansion of the flow from the free stream 
condition to the condition et the diffuser entrence has 
been assumed to be an isentropic proeess, except eeross 
the shock front when such occurs. The compression of 
the flow within the diffuser W111 also be assumed to be 
isentropic, and when the diffuser losses have been de- 
termined, che ceonetry of the 4iffuser will be corrected 
ecvordingly to allow for varlation from the isentropic 
gondition. 

The charseter of the internal flow cen be de ter~ 
Sined from Teble 30 of the Ona Tebles, and tie resulting 
flow for the design cperating coméiition of a flight aaeh 
namber of 1.5 at 0,000 feet eltltude ia sioen in Yeble 
J, aha Wie, Bo, 


a> Ssparetion of Lepinar flop. 
Sines « diffuser in a free streae ose a bouriery 
leger of sero thickness «t the o tegnetion point of the 
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70 
flow, and since Ue rounted entrance lip he the effect 
of oveducing o favorable precmsure grodient up to the 
poimt of the 4iffueer throat, Ose initial boundary leyer 
im the entrance af the diffuser Wil be lemimar. Due 
te the efverse peasure Gradient in the diverging pert 
of the diffuser, however, this leminar boundary leyer 
will seperete, there Will be « treneltion sene, and then 
a turbvlent boundery leyer wili esteblieh iteelf if tie 
oressure eradient ta not too «rest. The woint of sepa- 
ration of ine leminar boundary layer can be determined 
by the methed of Hef, 19, previously sentioned. 


“3 
Velocity gredient = f STs = 
~*S * 


3) 2 0.376 tm 





cae = 1.195 ine 





1.105 in. 
, @ 3523 
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Vo ® 50349 ft./sec, et x/e © 11325 
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ke Mixing Lenety. 

After the separation of the lminsr boundery luyer, 
there existe « tranaition region in wiieh the flow in 





tha boundary leyer is neither leminar nor turbulent. 
Nef. 1] civewe this length sa: 


| x/e e i 





For the partlelar condition under invealigation « epa~ 
retion ocearred ut x/e = .1325 where the following con- 
citions existed: 


Ve * 553.9 Ct./aoe. 
o # 32.03 in. 
Vs ,000207 ft.“/eec. 
Tixing leneth 2 x/e 2 .OLy05 
This indicates that surbulent flow is established soon 
after lewiner seperstian at x/e = 211,66. 


The possiblility ef seperetion of the turbulent 





powder) leyer wes investigated by the methed of von 
Meennbef? end Tetervin described in wef, 1l¢, and pre- 
viously disewassed. Sinee it wee found thet leninar 
separation would oceur very soon after the flow pre- 
cessed inte ibe region of positive preseare eredient, 

it wee believed thet it sheuléd Wo eetisfactory to ase 
chet tie Curdalent boundary eo8 esteblinsiwd st Une Lara. 
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| 6o 
of the @iffaser, An initial value of the enape pare~ 
moter was aesumed es 1.296 becwose st the throat the 
pressure gradient would be zero, “he initial value of 
womentun thickness, 6, wee computed in the followimgr 
meener, The boundary leyer thickness at the tiroat wes 
camnutod, and using the "randtl ~ Slaaiuse equation, 
Whieh wes previously given, for the welecity distribue 
tion in the beundery layer, the momentum thickness of 
the boundary leyer was conputed. This romentun thick- 
ness Goes not chanmre when there is a transition Pros 
leainar to turbulent flow in she 





this valwe ts gsuiteble for the initial momentm thickness 
of the turbulent bowadeary layer. 
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The initial boundary layer eonditions heve mwen esteb- 
lished, omd the eamputetion for Ge frowth of thm taurine 
lent wouwnwlery leyer is @iown fa Table TI. Prom Gre 
commutetioms (+ soupeers boet Ure Oeumdery lerer #111 Set 
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The displacement thickness of the bo niary layer 
at the exit of the diffwaer can be determined from the 
reletion between {t, the romentum thiexnoes and the shape 





isolecement thicimess © 1.596 x .00)01 * .00635 ft. 
The exit dlaweter of thre diffuesr W ll heve to be in- 
creered by twice the diaplacemmnt thickness to nllow for 
the thickness of the boundoery leyer. 


The win friction in the «iffuser wlll cause «4 
pressure loss waich cam be calcvleted from the rollow- 
ing equation which was developed earlier: 


in a - [oh 0 ge ole 
The skin friction coeffieient was cetermined us previously 
explained, The pressure logs equation can be graphi- 
cally imtegrated, A plet of the integrand is ahown in 
"la. 21. The grephical interration ylelds the follow- 
img reeuit: 

pP/p3 = °° = 1.0025 


py = p38 = 3.33 1b. /aq ft, 
Thess conmyutetions alow the lose due be Tristion to be 
very e=el) whieh sight heve Owen saepected Pith such © 
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amall L/P ratio as the duct tee, Since this was the 
only lose waleh ecauld be attributed te the internal 
flew im the diffuser, the exit eres of the diffuser must 
be ineressed by a factor of 1,0025 to achieve the de- 
siped exit conditions, 

fe heve been able to eke estimates of the # oak 
logs, the seperation loss end tae friction loss in @ 
typlesl diffueer. for the particular configuration 
chosen, 1: was found taat the greseure lowe across the 
shock wave wes considerable, Dut was accoepanied by 4 
comsiderable pressure recovery, and speed dgecresse which 
feeilituted the work of further compression. It maa 
found that separation dia not occur for the partioular 
semetrie configuration selected, end the expansion 
loesa wos noneexistent. The los de tof riction was 
yery ameall because of the short length of Giffuser re- 
giired. Further frictional losses in the ducting be- 
tween the exit of the diffuser and the cownres@ r entrance 
ere shown in Fie. 22. 

“ne enptoed of obtaining toe oaesure loss dae to 
friction in the Length of constant area duct detwem the 
Aiffuser exit ond the entrance to the compressor wes 
the following: 

Comaitiona at diffuser exit. 

v¥ = py £t./eee, g ~ Thee ld. /weel te 

P =~ 1.310 x 2073 sluge/Ttd 

ws 3671 x 107! Ibeece./ft.” 
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| 33 
D (uneorreeted) - 1.83 ft, 
Boundery layer dliepleeament thickness - ,.006&35 ft. 
2 (eorrected) ~ (1.33 + (2 x .00035)) x ‘i.noes)® z 
1.8k3 ft. 
feynolds number = 2.27 x 10° 


The friction factor, f, for the Least of duc ting 
wae obtained frase the Yoody equation which is: 


fs ,0055 (1 + (20,900 § + geyV5, 


€ # ,O00015 ft. 
f 2 «0125 
Ap ® fg L/D ® 499 L/P 1d./aq.ft. 

If we axsume an exit length equal to’ hree times 
the exit diameter which should esmre complete presgure 
reoovery, then #6 cam eake an estlents of the ree re- 
covery ratio of the diffuser under investigetion, 

Total preseure loasa due to the snoch weve. 

Po * 391.9 lb. /eq.ft. 


pS = 1437 1b./sq.ft. 


po/py S 4950 


72 - p? 2190.5 1b./sq.ft. 


Yotel press.re losa dwe to Frietion in the diffuser. 
Ap? @ 3233 ib. /ag.ft. 
Twhel preasure lcws due tofrictiong in the ecewtant 


area dect Cellowime the diffuser. 
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Ap * 2,97 1d./sq.ft. 


~ ia 
+2 . “Es (at low aubsonic teeh nembere, ) 


Ag? = 3.17 1b. /eg.ft. 





p8 ® U37 ~ U0Ge7 - 3633 ~ 3017 © 1390 1b. /sq.ft. 


- Pp 
Ram recovery ratio = re — Po s 


Pe * Po 
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tt eppeers thet the ras peeevery ratlo of the chosen 
diffuser eonficuretion is fairly high, and thet the prime 
cipal creseure loge occurs throurch the shock wave, fo 
attempt was meade to assesa entrance logs, yawine loas, 
turning lose, loss due to obstructions, exit ioss or 
leakare loss because these ere factore which can be eini« 
mised with proper desainn. It would avpear fromthis 
anelysisa that rem petcovery ratio cen be kept to a reesorne 
able value ovet: Gimoucth a formal shock preeedes' the te 
tramee of the flow into the @iffuser. 

Pim. 23 ehows the verlation of velocity ratio with 
Flight mach maeber. As is to bo axpected, velocity 
ratio decreases wlth incresgine light wech number up 
to the gonte velsccity, we to a siioek occurring in the 
flew ahead of the diffuser, velecity retio increetes 
wi th inereasing superagonic flight velocities since the 


stremeth of ife esoex ent the velocity decrenge across 
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the sheeck ineresse with ineresains Bech numer, Veloelty 
retio increases with eltitude os fiient mach member ine 
creases because of the veriatian of Waeh mumber e( th 
texperature. Teaperature decremses wih altitude, sonic 
velocity decreases, and a leaser flight Velocity elves 
the seme “ach number, 

Pig. 24 shows the {noerease of density ratio with 
Plight aech number. ‘This ratio is slso a measure of 
the “ees flow through the engine. The entreaties area 
end eatranee velocity ere fixed. The farmer is fixed 
due to diffuser design; the letter due to the encine 
Seeei and permissible voluwnze flow. The meas flow through 
the engine, therefore, wlth ae fixed engine sreed varles 
Girectiy with the flow density eat tre ‘aiffuser entrmnce, 
Mntreuce density increanesn with flight Mach number bee 
esuse of the recovery of ram preseure ahead of tha diffu. 
ser entranee. The reduction in entrenca deneity eith 
increasing altitude is due te the reduced ambient eir 
density at ai titude, 


e 
ih ey ol 7 NR, oe eae 
—) ee come NEL) an An TE IE ITP Pnparenh ative 
ee ee 
Ahem Re 2 EES PPT cu seet 
GOD orivnlee eek) mons 6 hum ,someeseh Tie dor 












shes Cink tile ail 
er ne pas’ me oose 08 antl 
26 whee 2 cals edi sale Gee 4034 


wn eee eT me es wee wel eee oll 
—l) «i sew so well me dbo eoeereie Bae 
ills <> 0d os wets! Od fondenk Serle ole 
eed on coer et vant) ash alt velar kee bangs 
calm berks tine Watt 5 Adie vectored geen mime 
cote Vendy onl Je Piel wolt oll atby vulpewh 
sal ills ate Had Mae wtaeereinl i tee ser 
ie ad S ees een a © en > 
Hee Dues vaewsion at lls _— ———- 
sh Tada Lammers A nt Mom nb end # palamewwal 
anti de pl 















a => SD 





CHAP TON VT 
PRESENT ATR IRLTT NOSIS Wrerurts 


Sherean oe fow short years ago the idea of driving 
an aircraft with anything exeert a propeller would have 
been eceffed ef, now dosens of practicel fat oropel led 
bombers ond fighter planes ere gvaileble. A aurver of 
the field will reveel a wide verlation of entrance duct 
Gesisna, ané air iniet locetions, It must be remembered, 
however, that the wajority of these sirrianes were de-~ 
signed for subsonic speeds, altrouch several experi@en- 
tal designs im transonic erxi supersonic flicht ere eso 
avelleble, 

Designs téich feature fuselace eigine installations 
ere confined to fishter type. The sir entranee duct 
ioentiona vary with the different designs, ‘xemplas of 
the nose inlet @ucts are the Republic ®-8, the “orth 
American 7-06, the Nepublic X¥-31, and the NeMonnell 
X¥-35. Gne thine common to all these models ia en axial 
flew Gurbojat engine. 

The Pet, hed serious duct trouble in ite devel op- 
ment. The inlet dwet is divided inte two rectangular 
ducts aft of the elrenlar nope inlet. The a@ucta ex send 
&lome whe side of the fuselage to a Y inlet aesembiy 
at the face of the engime. The @ueta are fiftmen feet 
long amd comalderabie leekage sceewred in Une wearily 

Bt, 
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57 
models. Losses in the { duct were reduced by the use 
of sealing com cund end se decrenee in fastener specine, 
To clear the pressurised oortion of the fusoelepe the 
ducts extend doen eleng the side aud then rise upward, 
Yo eliminete leases due te dect bends, the eneine ems 
tipned dows four demrees to permit 9 strsight connec 
Sion with the air inlet duets, This wagquires a sisliier 
‘four degree hand sft of tne eugine a& tre teil eone 
tplice, Auxiliary air tnlets seer the compress > inlet 
for low sveed Plisnt were Goneidered, out the complexity 
outweighed the thrust saving #hich wowld heva amounted 
to four per eent gain in static taruete Prement develop-~ 
went of an imero ved sodel of the *~3), envisages a flush 
type air inlet instead of the steacnation point (nlet 

The F-56, present holder of the wrid'ta alr Breed 
pecord, differs fran the 7~3 in thet the air en trance 
duet is not divided but passes Girectiy rearward te the 
compressed iniet. “The evekpit floor is loewted above the» 

air duet. The nose alr inlet featurms an extended 
upper lip to furhiah adequate alr to the engine at hier 
augies of etteck, The kk test versiow of the P86, the 
LP-33, will feature flush type elr inlete. 

Yhe A¥-91, a new high speed, oifh eltitede inter. 
ceptor rewuted to be caneble of Supe sonic apeed, hee a 
divided air inlet duct with @ four ts Flwe foot sting 
projecting out of it. It is met mown if this ating is 
be functlon #6 #c Oswatiteach trpe diffuser (her. 7) oF mot, 
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The AF-35, Sue perssite fleeter, features an amma- 
har typ more aif inet. The siz inlet duct isads 
directiy to the fsaee of Uhe compressor af the teating~ 
houae 3-3), axlal flow turbojet, 

Gxeecles of flehter desicns eeploying wine-fuseleage 
juretion 4is inletea to engines installed in the fusew 
lege are the Chanee-Vought LPS!) and the F70, tue rumen 
ror, the Mebonmmel] 1F-55, and the following Britieh 
designs, the lewker #. 7/;6 end Gloster §. 1/;). Soth 
axial flow end centrifucal flow type engines are repre- 
sented in these alrplanes. 

The YFOU has semi-~cireuler shepec air inletea, the 
semi-cireles projecting below the «ing. Yo informtion 
seesn to be avealieble on this conficurastion which ie 
umique, but the change in the orientation of the duct 
entranes on the 7 would Indlente thet the first instal~ 
lation wag not entirely satisfectory. ‘wmieclreular 
shaped eutrence ducts are ales used an the F/U, but the 
sesi~gircle cow appears 49 a scoun extending ont of Une 
fugeiegee. To impreve the velocity distribution seross 
the fece of tthe alr imlet, a boundary leyer suction slet 
is provided adjacent to tiw fuselage, infornetion shout 
the duct problees with theme aircraft is set evelleble, 
but oeme inforsetion om the desien erinciples cen be 
Cleaned from Cel. 82 which wes eritten bb « seenmber of 
the Joenece Youg—t ergineerinag staff. in this reference 
tm snuthor rpecorwwsnds «a welocity retio of 6,7 et the 
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mexiueen spee® (liget comdition with @ flow veloelty #t 
the compressor inlet of about 200 sile# per how, & 
good duct six fest lone, with a gemtie cwrvatae of Five 
a eent total] mw essure 
loess, eguivelent te 6 1.7 - 2.0 per cent loss in thruet. 
fn S-shaped duct with twe vantle bends having a totel 
eurveture of sixty degrees gives a veres to four per 
cent total pressure loss corresnendiny te a five to elmrt 

per cent less in thrust. The eir entrance duct ecanfigu- 
ration of the #70 end the Tloster “\.1/i); are wery ailmi- 
ler, aseci-cireculer in shape with s» boundary layer bleed 
mext to the fuseleme. Internally some ¢ifference mist 
exist sinees the P70 hae two J-3, engines wille the 

Ke 1/\y hes a singe Rolle-Soyce "Beno". 

The PW, the XP+-G3 and the Newker §. 7/6 eve 
triou@.lar ahaped eir entrance ducts wlth tre bese of 
the trienele adjscent to the fuselage. Shether boun- 
dary layer suction Slots are uged at the fuselece is 
not evident from sliectures of the inelalletions., He 
ir inlet of the *9F is cormel te the direation of flow. 
The sir inlets of the xF-38 end the 4.7/6 heve on 
sumulerity in plem view, The upper Lip of the 8.7/6 
also extends beyond ime lower lip. Se °onmell must have 





OLved tine problem of laterel flow eacrose tee lane of 
the duct hich eeuped velocity dixtrubutien prebless on 
& aleiler comlFipuretion in She IFfb<3}. Gu the Fi<i of 
etienh tm C7D-1 #65 a Grotetype the orientetion of Gw 
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fece of the duct entrance was chem ced to be noreal to 
the air flow direction, The "OS Seatures four auxillery 
blower doors opening irectiy imteo “he pletus nheeber 
for low speed ead ground operation of tre engine. ne 
ducting of the 1.7/6 is wnicwe in thet heving two eip 
intakes in the wing root, 1t sluo hes twe exhaust out- 
Leva in the wing treiling edee at the fuselage. -& 
simele engine ia jocated in the fuselame. The ewker 
air inlet design must have preven satisfactory beesuse 
it is retuimed on tie new Wewker 7.1052. 

Fignters nach seerp type alr entranee ducta to 
encine imetealletionsa in the fuselege ere the Lockheed 
uO, TH3OC end AP-90, the Horthrop XF-39, end the 
Vikers-~lrmestrong "Atteexer", Yho alr inist ducts of 
the P=89 sed Tr-30C ere sostrll sheped on either side 
of the fuselege shead of the Wing root. Wer. 23 fives 
an explenetion of the choice of entramee duct loece tion 
and reveals some of the preblews encountered with this 
Gesien. It wae found thet unstable duct flow resub ed 
at low flow ratios due to flow breakdown aad voundery 
layer seperation. The flow seperetion gave e loud auct 
toumeble” whileh could be heerd for miles. Direrctionsl 
“sneking"” of tne sireraft could also be treeed te this 
ecuree. urine ground operation flow rewersal svecurred 
in the ducts, Flew casing in She duct on ome eide und 
out the @¢uct on the oprosite side. Intreduction of @ 
bouhdary layer bleed et the Gict eserences cured the 
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71 
aiffieulties at a epet of two to Uhree alles per Keur 
in sirepeec, The final reenlt eee a oet ree at Alen 
speed equal to seventy ger cent of Loe svalleble adia- 
batic compression ratio. “pring leaded doors behind the 
pilot suprly air to the compressor at low speetis ami 
Sor ground operation. 

The KF-90 wae originally recerted to heave a flush 
type air inlet duct, but pictures show dacts alellar 
to tyose employed on the 7-80, The L-99, tewever, has 
teo axial flow turbejete in the fusslege wherese the 
(-30 hed sre centrifugal flow exmcine. The *P-j55 hes 
two engines alunc semi-externally from “xe lower pert 
of the fumelege. ‘Seml-cirevlsr air inlet ducts lead 
directly to the two 3-35 engines. It would s een that 
a uniform flow at the cospresesor entrance would be diffri- 
eult with this design. The “Attecker” has eir inlet 
ducts in the snepe of eircuier ares, lesa than semi- 
circles. The iInkets projeet from the fuselage forward 
of the wing, Toundery layer siots are locseted adjacent 
to the fuseleacs at the duct entremces. Tae flow through 
the boundery layer slote exhauats tureuch louvred opsane 
ings in toe fuselere skin aft of tne Ouct on trance, 
The main alr ducts follow aft of beth eides of the Mee- 
Lege and dump into « slemum chember rt tne forward fece 
of the engine. An auxiliary eir inte om top of “ne 
Cu@elo@® provides @ir to tie earring fer srowkd ope retion. 
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Taree Cichter desiona wich heve engine instelloe 
tions in the wings are the ‘eMermiel] -1, and 2-1 
end the Curtias Y-97. ‘The YeDonmell sedeis sre siniler 
in waneerence with esimiler engine imstelistions end emir 
iniet Quets, The ©G-1 ia equipped with two sestingouse 
LJAB exial flow jet engines; the M2¥-1 ila equipped wi thr 
two J-%, engines. The engines are locutoed lu the wing 
roote ané a trianmculer shaped air inlet is used. It is 
Claimed that this eonfieuration gives cmistent velocity 
Sisteibutien eerses tee inlet fees, mad tae ren pressure 
recovery la “3 pwr cent of that avalleble, “he design 
in seid to be fres frow internal flow seperation et eny 
yoloecity ratio to be expected in normal operation. Te 
to the fect that the upper end lower portions of ‘the 
sowerplent section set 68 two thin eirfoils, the eriti- 
cel Vac mumber of the wing root is hi¢her taen shat of 
the outer wing panel, Yo ¢o00] tna -owerplant section 
and bleed of f the bountery layer adjacent to tm fuselage, 
a boundery layer suction alot isa vrewided at the air 
tnlet. The sir from the euction sict flows through We 
eeneasory compartment end thence into the ir APC aM. 
A reverse flow through the borane 





leyer guctieon slot 
oecurs in ground aperetion, but no sdverce effects are 
natioed with this flew reversal. 

The f$7 ia powered by four J-3; engines. The 
angines erm inmetalled im necelieas 1m the wings, vo 


anqines be each neselle. Vhe engine nacelles are about 
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ten feet long a0 thet the eir entence 4uct eiet ceoos- 
serily be short. A single cectemmuler snaped elr inlet 
provides air to the two eneinee tn each aeCGlle, tie 
flew dividing fuet aft of the entramee, The air intes 
Gacts are protected to prowent lelng or water entering 
during heavy rain. The et tent or amature af this protee- 
tion was not made known, 

The bomber types elwost all heve engines installed 
in the wings, or atteeched to the sings. The air inlete, 
therefore, are of the staenation point type. epresen- 
tative installetiana are those on the Consolidated 
MP=-46, Boeing £3<)7, Hartin £D<8 and the Hertarop rio, 
The XlkeljC has four engine® contained in teo eng ine 
mecelies slime below the wine, dae elliptical air inlet 
provides flow to both encines in the apne neeélle. The 
ir inlet ®ict 1s divided just eft wf the ent revice. 

The A®-|;7 holds the trenscontinental flight record, 
crossing Wes G.A. in 3 houra amd 46 minutes end syarac~ 
ing 607.2 miles per hour, [t hes sia engines supperted 











by pylons extending down {rom the wing, two en¢cines 
mounted o eseh ef the inboard pylons end one ermine 

om eaeh of the sutboerd pylons, The sir inlet due ts 
ore atmuler, one for sech engine. dn the inboard pylens 
where the engines are located adjacent to each other, 
the seqeents of the outer conea eomeon Lo beth exneines 
extena further forwemrd than the reesiexiar of Une inlet 
rise to prevent interection of time Midividual Plows te 
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onc: efuine, The abi)! else hee oo> engines, Cures on 
eech #ing in & common nacelle. "he air entrance duets 
to e@ch engine sre exneler in form, and tummels thrown 
the nacelle ara provided betwee: sdiecent ex*ines to 
keep tee eritiocnl Bach nueber ower the wings se high es 
possible, The Yh-)5 has four engines loested side by 
wide in eeth wing. ‘The air inlet to the engines ia la 
cated in the wing leading cdge. The eir inlet is wide 
end narrow with internal partitions te divide the flow» 
to eech angine, 

The Wartin Fuv-) ig an example of a hybrid instella- 
tion. Ita weain motive never is iwo reciprocating enmines 
with two [et engines for additional power when needed, 
vhe Petiproceting engine and cue fet ancine sre mounted 
im @ CummMon nacelle projecting below the wing. When the 
jet engine is in operation sir is orovided Twough & 
Scoop which opens forward end dow from the necelle,. 
Shen the fet ei@ine is not operating the sroop retracts 
and ite bottes prevides the lower forward faes ef the 
nacelle. ines the top spend of the FM-1 Ls not very 
high, ram recovery 1s not s seriqua problem an? sareful 
duct desiztn is not critical, 

the experimental planes deaiened to investigate 
Plight st or newer the nomic velocity ere net unlixe the 
ietest Clehter desiems., The vcousles 593«1 desloned 
fer nigh subsonic velecitias features « cireuler nove 


inlet with thee ducting dividing jaunt eft of Uwe imlet. 
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The aplit duct rejoins just forward of Um J-33 jet 
engine. The ducting and air inlet ere sieliar to the 
installetion on the F~5y. 

fhe bouglas DSSG-II, a combinetion reeket and turbo- 
fet powered airplene, is desipned for avpereonic sends. 
It features two flush air inlets on elther side of the 
lower, forward fugelege. Tew detaile on these aly ine 
Lets are evuellablie. NAGA wea responsible for the design, 
Phetures show nothing projecting beyond the contour of 
the fuselace. 

The Oonsolidsted 7002 research plene, powered by a 
J~33 engine, has a circular air inlet in the nowe of the 
fuselage. f# sting projecta forwerd out of the center 
of the eir inlet. Yt is reported thet this sting is @ 
Oswatitesh type diffuser (Ref. 7). Purther details on 
the air inlet ducting are mot avallahle. 

The Worthrop X-, designed to investigate the 
trensonie speed range, Wach numbers 0.4 ~ 1.2, 18 powered 
by two Sestinghouse I19XB engines installed at the wing 
fuselags jJumetion. Scoop type sir inlet ducts suwoply 
the engine air. Yhe shape of the duct entrances is not 
unlike that of the Pedd. 

The Armstrong-thite» rth S2, a Sritish design to 
test the potentialities of the flying wing, is powered 
by two Rolle-linyce "Nens” engines, loseted in separate 
nge@lies projecting below Bw wing, “We eis inlet duct 


entrance to eect Ls elliptical with an overnenging upper 
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lip. A evel festure of he eir inlet @ueting is tom 
euxiliary source of air at Low speeds. A boundary leyer 
suction slct om tre wing nowr tne tip et the fifty per 
eent cherd point suppliea sir directly to the pl enum 
chamber at low apesd flieht. This serves a dial purpose. 
In adéitien to gupoplying additional air tothe engin, 
it delays wimg tip atell. It woulad seem that suen a 
syetem wuld have Great possibliity. 

This resume of the types end ic etions of meine 
air inlet ducts on some representative wmedern alrplenes 
reveals the variations in design which have been succesgs~« 
ful im the pest. The trend in experimentea) aircraft 
is jest as veried, The results of flights with the 
experimental aircraft may shew that ome trpe of inebale- 
letion is superior to anyother, but mors then likely it 
will only show thet the final €esien must etill be « 
compromLee. 
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CHAPTIN WIL 
COBCLUSIONS AAD MM) RT ATIONS 


In this repert an atterpt hea been wade to investi- 
gate analytically the performance of a afffuser for use 
in os turbojet engine at trengenic flight specds, “he 
factora witch detract from diffuser performance Ave 
been explored, and aeans to minimize these losses heve 
been @lseussed, Convenient methods of determining the 
mammitude of these losses analytically heve been sug- 
gested, but final eorreboration of these methods wil} 
depend upon future experimental verifieation. 

Ts was found that the inrernel diffuser flow was 
net effected grestiy by the presence of a shock weve 
sheed of the diffuser entrance. ith sueh a Situation, 





the internal flew in the diffuser was net waterially 
aifferent fram thet resulting at 





apeeds. Tne losses ancowmbered ecross such &@ a.oekK weve 
were oot found to pengliize the diffuser porformsnte 
ersatly at flight mach members below 1.5. Of course, 
the validity of theee findings, end the advisability 

of allowing o deteched shock to form ahead of the diffi 
ger entrance are open bo question. 

Tt is believed thet the key te tho edvisebility of 
utiliving « sheek aheed of the diffuser eutrene to 
asaiet Ln ree oreswure recovery, lies im the ertent af 
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the influence of thie miock on tow drag of tne elrplaene. 
it 2s also believed thet tee Gree of toe sirplene will 
be affected by the velocity rebio of the airflow enter- 
ing the diffuser. The limite of vweiocity retio, perti- 
culeriy Ge lower Limit, found suliwble for subsanie 
flight will not neaessarily be watisfeetory for supsr- 
sonie flieht. Cxperisenteal Investigvation of this problem 
igs werrented., it sey be four’ thet the lower limit of 
allowable velocity ratio is reised so high thet it son- 
piicates the internel flow of the diffuser. 

jtrer problewrn whieh sre esmcieted withthe de- 
tached atoeck wave, end wileh ehould be investigated 
experiments ly are the leestion of the shock wave sheng 
of the diffuser entrance, end the persistence of turdu- 
lemes induced in the floe br the shook wave, The loer~ 
tion of the soock gveve ia of interest ori@erlly in thet 
Lt might explein the lielts of pewissible velocity 
ratios, od airhnt be a messure of te a0cK induced 
turbulenece euterine ine difiuser. The persistence of 
the shock induced turbulence ia of interest beeause it 
will eve greet influence on the internal ciffuser flow 
if it wrsiets beyond ti ttroat of the diffusers This 
shock induced turbulenee if It is trahnemitted to Lhe 
boun@ery layer in the region of positive pressure gradi- 
ent will iiwit the rete of pressure Pecovery, or Wy 
eense interne] flow seperation. 
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wo cimensiema3 effects at tem smtrance ame emit 
of the diffuser section ere 79. ea: lelned cleerly in 
any of the litereture dealing with flow ine diffuser, 
although hints are given in Wefs,. 3 end 21 when it te 
suggested that extra lengths of constent eres Gwe ting 
following the diverging section are necessary for etm 
plete pressure recevery. If would be interesting to 
investigate experiventelly Us velocity orofile across 
the face of the diffuser et vericus velocity ratios, 
fer voth eubsonic and supersonic Slowe. The velocity 
oroflie at the diffaser exit would be of even ¢rester 
interest, partieulearly its verleion with diffuser Jemeth 
eed divergence angle, and the effect of suction & ots 
mid induced rotation on the velocltg profile. This 
Letter effect, indueed flow rotation, ia not sentioned 
in any of the literature on diffuser flee encountared to 
date, The advantages of a flow with rotetion are set | 
forth in Sef. 3% With rotating flew in a diffuser, 
separation ia delayed suf wore complete presfure recovery 
$n obtelned in the 4iffuser proper. ince the diffuser 
axheuste to the co=prescor, a roteting e»chine, it is 
reeaonuble to beliove thet rotation of flow in the 
diffuser will be induced b) the compressor rotation. 
The strength of che rotation end the region ef flow 
affected woulé We usefel design informe tim. 

Timelly, tee developeenht a the Sommdery Meyer in 
a 2iffweer is serthy of Investigation. Tae ethod of 
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analysia surgested in ket, 12 is net gurietiy arplieeble 
to flow im a duct, end it also entails considerable 
computation, An axperimeantal investigation involving 
variation of rates of pressure recevery and diffuser 
Lemegths, with necessary corrections for veriation of 

the Aeynold 9 member, eould speed the vroblem of diffuser 
wuaiysie and £111 a gap im the study of aif fuser 15 QT? ae 
Torwance, fast lavestications of pereisasible diffuser 
divergence angles hava neglected the effert of @iffuser 
dength, end heve been eanducted at arose ratios such 
higher then those necessary for a turbe~jet angine air 
inlet duct, 

It is aot felt tnst these sugcestions fer future 
investigation exhaust the possibilities far diffuser 
researohk., it ie believed that they include the eora 
immediately important itema, those topics neglected in 
the past whieh say Influence diffuser performance ef 
transonie speeds, Other aubjects, ecual ly interesting, 
will prebably be sugeestod ty disevwed ona in the body 
of the repert. ‘Undoubtedly, ideas on diffuser ye rrare 
“EnCS Hid analysis different from those ioeladed in 
tala report will srige, end errore in reagoning may he 
found, but if this report stimul:tes thowrht on diffueer 
erodieme, then it has fulfilled its orpese, 
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apeed af sound. 

crgeas-sectianel uma. 

speeiftie heat at conatent pressures. 

epecific heat at constant volume. 

Mach number, V/a. 

exponent for «a polytropie preceas, pv" # 
constant. 

static pressure, 

totel pressure 

dynamic preseure, kp ye, 

gas constant, 151,5/moleculer weight. 

chenge in entropy. 

static temperature, 

total] terperpeture. 

vaéocity,. 

retio of apacific heats, 

ciffuser effleiency. 

compressibliity fector, 

coefficient of viseasity. 

kinematic visevsity, /p. 

denaity. 


Shere syebola other than the above ere used in Whe 


text, they are defined where used, 
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